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EXECUTIVE SUMMARY. '.. '" .... • e.. '.;: • i ". :-'

• .. ~ • 1 :; , . ~ i"· . ~.

Reliable'"-qlwmtative' risk- estimates' of the .well recOgJiiZed. aSsociation· between

occupational exposUre to' heXavalent chtOinimn'hoIfi.pOunds and lung Cancer have been '.
. /o.("i·.~·: ~~.';, 'Itl~~I • . . ...." 'o!' ~. \ - •. ,. ,;. '. ~ -

unavailable until verY recieJitly, "precluding the 'establiShinent of scientifically'b8sed

. ...,. ::. ;.".,J' ~.::t·~· :";,", > ... ~ .. . . . J, ~ •

among employees of more modem production using low-lime or no-lime processing

methods, combined with more stringent industrial hygiene controls, have not previously

been evaluated in an adequately large study population, largely because studies have

focused on the employees ofsingle plants.

This report presents the results of an epidemiological mortality study of the combined

employees of four modem chromium chemical production facilities, including two plants

in Germanyand two in the United States. All employees (n =1518) included in the study

worked one year or more in plants using low- or no-lime chromium production processes.

Such a selection of the study cohort eliminates employees of high lime production

processes, and prior to many industrial hygiene improvements implemented in more-

recent decades. Each cohort member was followed for vital status as of December 31,

1998, the end of the study follow-up period. A total of 157 deaths (10.3% of the total

study group) were identified, and for 33 (2.2%) vitalstatuscould not be ascertained. For

certificates.
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Individual exposure estimates were derived using a job exposure matrix, or JEM, in r"

which all personal industrial hygiene data are pooled, by job category and calendar year. I

for each individual working in thesame job categories. Because.urinalysis data were the

best available exposure indicators for a ~ajority ofthe study cohort, air monitoring data

for the remaining employees (i.e., two U.S. plants) were converted tourine equivalents

for the exposure analyses. A total of nearly 20,000 exposure measures were available

and incorporated into the exposure assessment Estimates ofpeak.exposure values were

also derived for. each cohort member to determine whether peakexposure might predict

lung cancer risk better than siinple cumulative exposure. For both cumulative andp~

exposure indicators, analyses were conducted accounting for various lengths of possible

disease latency.

Standardized mortality ratios (SMR.) and 95% confidence.int~ (Cl) were calculated

for specific causes ofdeath and for all causes combined. Overall mortaliw experience for

the cohort was somewhat lower than expected (SMR.= 0.94; 95% CI: 0.80--1.10) based

on appropriate United States and German reference rates. Note, however, that for 14

decedents we were unable to determine specific cause of death. Mortality due to

ischemic heart disease was considerably decreased in this cohort (SMR = 0.63; 95%CI:

0.4&- 0.95), based on 23 observed and 36 expected deaths, using national reference rates.

For no specific category of cause of death was the SMR meaningfully increased except

..forcancers.of.the.respiratory..system_(SMR..=..L5.2; .9S.%CI;_1.Q4 __2J3.), and .IIJ,9re ... __ . ~

specifically for cancers of the lung (SMR = 1.66; 95%CI: 1.08-2.46), based on 25

observed and 15 expected cases using national reference rates.

2
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~. .....:' r

Using state mbrbili'fYitates',(NOitli tarolinii: and' Texa'S'for thtfUnited'States -facilities,'·

respectively, and" NOrth~ .Rbfue..WeS'tphalia -fur both·Germaii' facilities),· the all-causes of '

death SMRfeUto O:88"(95%·CI:·O.7S-1.03J, 'and(i!te'lung,Ca.ilCer SMR fell to 1.35 (95%;

CI: O.87"':"L99). ,ThiS:decrease reflects··the f8Ct that for the'states in which .plants were

located, inoitality rates'''for aW Causes 'and fur: lung'cancers were generally higher than . "

Stratifying lung cancer 'deathS"byvarious' indicators 6f exposure (cumulative and peak)

generated relatively'consistent' resUltS: 'SMRs for the highest exposure category were

generally elevated, suggesting roughly a doubling of risk (and 95% CIs approximately

1.0 to 3.0), based on state reference rates. With stratification, though, numbers of

observed deaths in' each 'category' diminished, and the resulting SMR estimatesbecame

less precise (reflected m'the' wider' confidence intervalS). Analyses lagging both .

cumulative and peak exposure-indicators generated similar SMRs - with highest values

associated with the highest exposure categories - but 'againWith less statistical precision.

We evaluated relationships '.'among .cumulative. exposure, peak exposure, age, and
smokingstatus using logistic regression modeling. Generally, we found increased odds

of lung cancer death for the higher'exposure groups, relative to the low exposure group.

.-----. This,-pattem p-ersisted- b.Lm~e~. adj~!~1:L.fQLg~ ~~~!!lQ~_~~J.~~~_~_ ,__ , _._ .. ". .

independent role ofhigher versus lower chromium exposure on lung cancerdeath.
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Consistent with other recent studies attempting to quanti~vely assess occupational

chromium exposure and lungcancer, this studydemonstrates a modestoverallmcreaee in

risk among' exposed cohort members, largely limited to those in the highest exposure.

categories (i.e., ~OO p.g!L-years, or peak score~ 24).

The last several years have witnessed growing interest in the possible health effects of

chromium compotmds at lower exposure levels. The United States Environmental

Protection Agency (EPA) has repeatedly indicated its intentions to issue a new ruling

concerning chromium. Cmrent EPA guidelines indicate a unit risk for inhalation of

hexavalent chromium of 1.2 x 101 per mglm3
•
1 This estimate was generated from

Mancuso's2 study of a pre-change cohort, that used a single industrial hygiene.area

. surveY to estimate exposures. The EPA cites several uncertainties in using the Mancuso

data,1 and others have criticized the study for its methodological limitations and

assumptions.4,5

1bis report describes the methods and results of a multi-center, international

epidemiological mortality study of chromium chemical production employees of four

relatively modern plants. This study adds to a limited but very recent body of scientific

studies of occupational exposure to chromium compounds that attempts to quantitatively

characterize chromium chemical exposure and subsequently quantify the risks associated

.~t!! !!t~e e!t!~~: ~__wi!!I._~~ ~er r~eI!~~~~~ this_~>,_~ .~en~~_~C? !.~IR fi.ll __
the critical gap in the published literature on which a scientifically sound risk assessment

for hexavalent chromium may be based. Though all ofthese recent studies, includingthe

4
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present-one, sUffer-from ·methbd61ogisatlimitatiolis-C~y samplesize and'data on,' '; ,.f

potentially confounding'factors:":sUCh "as-:sinoldng), :they';, repi'esent -the', best; available, ,

scientific- evidence·ofthe-relanonsbip:betWeen· cl:iromium'·e~'and hmnan lung .

cancer risk.

" .
"

" _.~ ~

.... ,,~ ,.. . : .e • '~"::.::.' J)' :.... .,-

., .• , • ~l~ "l ... ~~ : •• :~ :';.'.:.• ~:

,.' .

s
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INTRODUCTION

- 't
f,' •

2.1 Literature Review

Chromium is a complex metal that has a wide rahge of app~ications including the

formation of alloys, particolarly ~ess steel; com>sion-resistant plating on other

metals; and the manufacture of a range of chromium chemicals, Chromium and its

compounds are used in many ways, such as providing color for paints, preventing decay,

resisting soiling, preserving wood, inhibiting corrosion, and' tanning leather.6.7

Chromium is a transition metal that exists principallyin the trivalent (+3) and Mxava1ent

(+6) oxidation states. Metallic chromium (valence 0) and compounds of other valence

states also found in industry, such as +2, +4, and +5, are of less importance in industrial

exposures. Divalent chromium oxidizes to the trivalent state, and most tetravalent and

pentavalent states are unstable intermediates' of chemical production not associated with
, ,

any known human health risks.7 There are few commercially important compounds with

these valence states (e.g., chromiumdioxide, a tetravalentcompoundused as a magnetic

pigment). Although the metallic and divalent forms can cause dermal sensitization, they

are absorbed minimally upon inhalation with no evidence of adverse effects.s OnlY

trivalent and' hexavalent compounds have-l1eelrassociated~wi.tlr-adverse-healtb.-effects;7 _.- .. _ .

however, there is growing evidence that only the hexavalent foImS of chromium may be

carcinogenic,"

6

IHF29027



MULTl-PLANrCHROMATE COHORT MORTALITY STUDY

2.1.1 ExPoSURE AND REALmEFFECTs

Route of exposure and solubility, in addition to valence state, are important factors in

determining health risk associated with occupational exposure 'to chromium and its

compounds.1A.I,~.p :~QOOUpatiorua ,eXtioSuteS <'occut' thrO~· irihaIatio~' i~esti~ o~

dermalcontaet; :however; ihha1a~oh' ofhexavaient"~ dom~~th 'is belieVed to

be the eXposure ofgreatest earCii:logemc potelitl81.6 ·

t,

,
2.1.1a TrivaientChrbmizliti" ,. ,,'. ,~., .: " , ,',:

Trivalent, compounds 'are absOme(f'pc,c!,rly' through-~ati.on 'or dermal contact, are

generally-considered insoluble"at physiol~glcai pH'S,IO and corisequeatly, have a much

lower level of toxicity-than: the hexavalent'forIDs.7.&.io.1J .Aiso~ occupationalexposure to

the trivalent fOrms likely -found in indUstrY fs ConSidered less hezardous because they are

inhibited from crossin'g;ecll membranes.l 'I:D:' i990~ theinteaiatio~ Agency for Research

on Cancer6 reported ,that;,tbete,i.waS:'·~inadequate 'evidence" inh~ or experimental

animals for the caroii1ogenidty of ChrOiiiiunl (Ill) cOmpounds.6 Widely cited reports

published by Mancuso,' first,iIi i915'and again in 1997,claimed to demonstrate'that both

hexavalent and trivalent 'formsofcbtdniium were associated with. increased lung cancer

risk1,12 However, these coriclusihns have'been criticized,as the investigator was unable

to differentiate exposuresto the'different forms ofchromium,and exposure to hexavalent

and trivalent forms are correlated, making it impossible to separate the effects of

_._-_ ... each.4~.IO .

7
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2.I.lb Hexavalent QJromium

Hexavalent compounds are more often associated with adverse 'health effects, mainly

dermatological conditions, nasal septum initation and occasionally perforation, and

respiratory effects including ~cers. The highest occupational exposures to Cr(Vl)

occur commonly through .the chromate compounds utilized during cbro.mate production.

stainless steel welding, chrome pigment manufacture, chrome plating, arid spray painting

using paints containing hexavalent chromium comounds.6•13

Occupational exposure to hexavalent chromium occurs primarily through dermal contact

and inhalation. Ingestion ofCr(Vl) compounds is not a major pathway for absorption in

tjpical industrial settings.. as these compounds are reduced- readily to Cr(llI) by gaStric '

secretions, with only 1 to 25% absorption,7.8 although corrosive injury to gastrointestinal

mucosa is possible if large amounts are ingested due to the formation of chromic acid in

the stomach.8 Several forms ofCr(VI) are easily absorbed through the skin; acute effects

range from dermatitis, to skin lesions and ulcerations.7.8 Inhalation-ofCr(VI) dustsand

mists hasbeen-linked with upper airway irritation and pulmonary sensitization, and nasal

lesions and ulcerations.7,8

2.I.Ie Solubility and Carcinogenicity

Though somewhat controversial, hexavalent chromium alone, and not trivalent or

.metallic 9br9mi'QIll, has been l~ed with cancer.6-8·10 specifically lung and sinonasal-- ~ . -- . _.- . _. - --.

cancer.6•
10

,14 All hexavalent compounds may not be equally carcinogenic; evidence

suggests that a compound's solubility in tissue fluids may determine its role, if any, in

8
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carcinogenesis," Slightly or moderately soluble compounds such as calcium and me'

chrom~~e. Jll3.Y:,~:~!~B'f¢~~.~,for ·puImoBary:'cancer' '&. because they are 'retained

longer ~ hmgs,·wW«.b.,in~ tb.~.risk of.a protracted 'release of Cr(VI} 'topulmonary. - ,

tissue.\ .Highly sqlwI;, h~yaIc~nLchromiumcompounds. are absorbed quickly and

cleared frf;)m. t4ebpdyJIWQpgltt1;le-bloodstteam ·after,undergoing rapidreduction to Cr(Ill)

(which .does ,notqp~ •.~~:·w.~lJ~es);,.~a, process: 'generally believed to limit the:. ,. ".

carcinogenicity ofthese compounds, especially.at lower concentrations? This view WaS'

challenged in a recent review that suggested that soluble compounds, as well as other

hexavalFnt..compollIlQs,:' can-induce..cancer ,at, various .sites including' the respiratory

tract13.15., . ,:f!9WC?v« , the, review and its conclusions have been shaIply criticized.14

Nevertheless, all.'hexavalent:..cbromium compounds are currently classified as

carcinogenic:bythe~C.6,; .r • v , '.- .•'

~ .". " • t:» ...... '"i ~; :, .:." <.

2.1.2 TmaqoLOOy.~,~", - .,.

The primary target for Cr(YI) .:~ogenicity is the respiratory tract. 14 Though

hexavalent c~~_.r.y :transits.. cell, membranes; several airway defense

mechanisms exist, resulting in reduction to Cr(llI) and/or elimination ofCr(VI) particles

before reaching alveoli.13.14.16 Macrophage reduction sequesters chromium particles and

eventually results in the expectoration or ingestion of Cr-beari.ng macrophages. Direct

reduction to Cr(lll) occurs, in bronchial- epithelial lining fluids, further limiting the

.amount -of .Cr(.V1) that reaches aIveOli.13.1~ Reduction also. 9.CC~J"t th~~rQ~c~aJ.. tree

and peripheral lung parenchyma cells," Hexavalent chromium that escapes these

defenses is released into the bloodstream, where it readily transits and accumulates in red

9
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blood cells as it is reduced to Gr(Ill).'4 Experiments have.indicated that~ loses its :

mutagenicity in this process; evidence, cited as explanation for Cr(VI)'s apparent lack of'

carcinogenicity at sites beyon~ the respiratory tractl4 ,The hm:uan body's capacity to

reduce and detoxify hexavalent chromimn suggests a threshold mechanism; it may be that

.
Hexavalent chromium has been described as. a "Trojan horse": gaining entry to target

cells as Cr{Vl), then quickly reducingto Cr(Ill) within thecell. 7,14 It is Cr(Ill), the stable

reduced form that cannot readily transit cell membranes itself. and possibly the

intermediate forms Cr(IV) and Cr(V), tbat are likely responsible for the chromosomal

damage potentially leading to carcinogenesis.7,14,l6.17 Further, the intracellular. site of

reduction is,another factor iD. carcinogenic potential; the hazard may be higher if

reduction occurs in close proximity to DNA.7•
14

2.1.3 BIOMARKERS

Biologic monitoring of workers exposed to chromium is considered useful, and may

involve analysis ofurine, blood or blood components.7,8,18 Because water soluble Cr{VI)

is readily reduced extracellularly to Cr(Ill) then excreted rapidly in the urine, urinalysis

comparing beginning and end of shift samples is a useful practical indicator of recent

exposure1~ and is one ofthe BEL(biolo.gical ~!tP9S1!r~dnq~J measures proposed by the

American Conference ofGovermnental Industrial Hygienists.20 A second BEl for Cr(Vl)

is based on the urinary chromium level measured at the end of the work week.2l>

10
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However;~~Chromium:levels;aetUa1ly" ie.fleCf.total ;chiomium expoSure. 'iricl~dfug :'

dietary, ~vironme.nta1;·a:ridoccuP8.tionalexpo~to:Cr(III)~and are influenCed by'other'

factors such,as rece.nt;·'and~ lpaSt· eXPosw.e 10 'cbrOmium.19·. ~o Probldnati~· are the

difficulties in. obtainiIig.>aticurate;:ariii'p~e·l8boJ:atoiY' ·tne8sUrein~ ~. specimen

collection.and.storage.,iSsueSJ. Sampleronfaniination'andlotpoof l8bofat~IY tec~que are
. .

noted as particular problems with past monitoring, and remain concerns of any

monitoring program.7;4 Therefore, thoughuseful for monitoringemployees' occupational

exposures. urinalysis cannot. differentiate oCCupational :chl-ommm esposure level from

other sources, or indicate~htoiniuin oxidation state ~fexposureS;'It is belieVed, however,

that urinary.ebromium reasonably reflects substantial occupational exposures.

. .
Erythrocyte analysis .has been proposed as .an additional biomarker of exposure to

Cr(VI).18 This method is aitrattive because etytbrocyte chromium levels reflect Cr(VI)

exposure, as Cr(llI) cannot transit cell membranes. Some believe that this measure may

be a better indicator than urinalysisof thebody burden ofCr(VI), because it accounts for

the extracellular reductionand detoxification processes.8,18

~ .' 0'. ~. \;' ..., \- . .

2.1.4 lNDUSTRlAL PROCESS FOR CHROMIUMCHEMICALS

Since the early production.·days of the 18008. chromium. manufacturing processes have

undergone several important .changes, The first step in the production of chromium

-~-_ .... ---.chemicals is .the formation-of.sodfum chromate .from~m~te .o~,-which.is comprised

principally of trivalent chrome oxide. Chromite ore is ground and reacted with an

alkaline sodium salt at high temperatures in the presence of oxygen to convert the

11
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chromiumto the hexavalentform. Subsequently, the chromium isextracted with water to

convert it to ,water. soluble hexavalent sodium cbrom.ate.~I. The original process included

the use .ofl~e, oxa similar calcium-eontaining material, added~ high levels to ccmrol

the reaction and optimize the extraction. In ~e high-lime kiln processes (greater than

0.5:1 lime to ore), soluble calcium chromate compounds were present in· the dusts to

which workers were exposect21 By fhelate 19508and early l~60s, the association oftbis

exposure with human respiratory cancers, and the demonstrated animal carcinogenicity of

hexavalent chromium, led the industry to develop methods of reducing the calcium-
. .

chromium compounds in dust and residue, principally by eliminating, or dramatically

reducing, the lime in the proeess.21,22 Recognizing the potential health. hazards of

hexavalent chromium also led to major improvements in industrial hygiene and exposure

control.

In the no-lime process, the groundore is reacted with an alkali and an inten1a1Jy derived

diluent. The flit, or roast, leaving thekilns is quenched in water, producing slun:y. Prior

to filtration, the resulting slimy is subjected to pH adjustment to separate the aqueous

sodium chromate. This sohition is usually acidified with sulfuric acid (or electrolytically)

producing sodium dichromate and sodium sulfate. Following filtration, a concentrated

sodium dichromate solution is made by evaporation and crystallization of the sodium

sulfate. The concentrated sodium dichromate solution is the raw material for all

hexavalent and trivalent chromium.Chemic.a1s~21

12
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2.1.5 EPIDEMIOLOGICALSnJDIES'OYCHaOMATE,PitOItu'ctfONFAC~ ,~:', 

Numerous' case, reports- :and, .-epideniiologicaI' 'stUdies' nave :exammed "the 'effects of

chromate.production- ;exPosute8·,:on. workers? .health;' however, rePorts 'quantitatively

estimating'individ$l ..hexavalent exposlri<levelS, 'at Ieast uIitifve'iy recebtly, have been

scarce.23
,24,' Case,yep0I1'St,as18r back 88'1890 and 191t'navellnkafcancerWith chromate

productiolL~lO, -ThoUgh :ltm!r\~aneet"'was<-re.Portect' most often, cases of naSal and

gastrointestinal-cancerwere'8!So citeo:~l(l.2S,;26, " ;,

• ;. ~ r .. \. ....... .. .. ..': ~.:'t " .:'.: .• ~ .

2.1.50 Pre-<hangeStudies:" " " " ,,.,',", - " -, :,,- -

The :first epidemiologicai-sttldy ofexposed workers frOmseven U.S. chromate plants was

published in 1948 suggesting that chromium chemiCal workers were twentytimes more

likely than unexposed individuals to contract lung cancer.27 This initial report was

followed by a succession ofinvestigations that clearly linked chromate exposure to lung

cancer.2,t2,21~-:37: ..Seveiall'eview's nave been published, including one by IARC that

concludedthat Cr(Vl) was carcinogenic to hl.1Ina'riS.6

~, ~ • ." • '.:'"'' •.:. ,," 1. ~ 9-. P

Markedly elevatecl-relative'risks '(calculated for the IARC report) of respiratorysystem

cancer were reportedfor early-bohorts ofworkei's employed in the 19308 to the 19508,

when the high-lime process-was-the only method employed, and during which period

exposure was not well controlled. For example, several studies of slightly overlapping

- ,_rohorts from U.S. plants showedCQJ$is~t1y elevated relative,ri~~:620.7Jo~r~llt~o/_

system cancer based on 42 cases,27 14.3 and 80.0 for respiratory system cancer

(excluding larynx) in white and ,non-white populations based on 10 and 16 cases,

13
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respectively,28,29 and 9.4 for respiratory cancer, including maxillary,sinus based on 69

cases.30,31

Elevatedrisks for cancerat othersites werealso repohcxt, ~ough less often. ,An excess
'- '

risk of cancer of the digestive system was reported for two studies:6.,~.0 based on 13
. . ' .

cases27and 1.5 basedon 16cases.30
,3t A five-fold excess ofcencer ofthe oral region was

found for the Macble and Gregoriug27 cohort, based on only ,three cases. 1)lough not. , ,- ..

without limitations, these studies ofearly, highly exposed workers provided unequivocal

evidence ofa major health risk to chromium workers,

Later studies of production industry cohorts that s~an time periods corresponding ~

process changes and industrial.hygiene improvements also r~ed consistently elevated

risks.33,35-38 Overall, relative risk estimates for these mixed cohorts reflect a substantial
. -" .

reduction of risk of lung cancer:6,JO 2.0 based on 59 cases employed 1945-1974; 33 2.4

based on 116 cases employed 19~_77;3s 2.1 based on 51 cases employed 1934-79;38 and

2.2 based on 14 cases employed 1948-85.37 However, a study of a Japanese coh0rf6
, .

reported a higher risk estimate of 9.2 for respiratory cancer (lung and sinonasal cancer)

based on 31 cases employed 1918-78. Digestive system or stomach cancer risks were not

elevated in the three studies that assessed these outcomc;s.6,33,36,3~ Howev~,.nasalIsinus

cancer risk was elevated in two studies: estimated relative. risks 7.1 based on 2 cases 3S

and4.2 basedon ~~.,~

14
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Severa11ater studies attempted to assess the effect of plant improvements and process

changes on lung cancer risk by identifying pre- and ~t-ehange sutJ.cohorts.2t
,ZZ.33,35,38

'.. . - , , ."', '. ~~. l • ,,' ~ • , ' ~.... ;. :'~ :. •

While the results were'enoounlgiiig'and~ ateducnoIi oflung canCel ri~'in post- '

change Cohrirts~'·th~-'Wdt ri~f'CoriaUSiVe: becaUse Done fully allowed for the typical 

latency penod-of 2O:25'Y~:·';'Th~·Sbidi~\.ere·fumted further by relatively small '

: '" ..l .... I". ""..\ ,'. -~"'1 ,> " •• •

cohorts, the absence' 'of' qiui:tl:timtWe 'exPosUre data, , and' the absence of data on

confounding faetors' Stich' ;ss'sttto1dD.g' (See 2.L5c for adiscassion on this potential

confounder).

Investigation of a U.S. chiomate'plari.t built in the early 1970s'with theIow-lime process

design provided ':further pieIiininaiy evidence 'of areduction'in'lting cancer risk due to

industrial hy8iene Unprbv~ents~d'Pro~' cba.n8es.39 "NoIncreased risk: oflung cancer

mortality was rePort~·arid, 'tbotigh ibis 'study benefited~ Ii -quantitative exposure
, .

assessmentaridevaluationofipoteIrtiat confounders such as smoking.it too suffered from.

an inadequate follow-Up penod.'," .: '

'>: ...... :.' .. '

A recent update of the' gaItimbre, MD cohort initially studied by Hayes et al33 also

.provided the methodologicil1 improvements ofan extensiveexposureassessment and use

of smoking data in multivariate analysis.23 This update restricted the cohort to those

,hiredafter the first oftwo new facilities opened. in.125_~ ,thtv~gh the ~P.~y 4?lo$B.in

1985.23 The new facilities, a mill, roast, aDd bichromateplant, constructed 1950-51, and

a chromic acid and special products plant, opened in 1960, were designed to improve

15
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process technique and environmental control of exposureto chromiumbea,rlng dusts,33

The minimum follow-up was 18 years, and three-q~ers of the cohorthad at least 22

years of follow-up, which ended in 1992. Interestingly, an almost two-fold excess of

lung cancermortality was reported .for this post-19S0 cohort (SMR 1.80; 95% CI: 1.49-

2.14); though further analyses indicated that the excess risk was substantial at the two, .

highest cumulativeCr(VI) exposurelevels only ~ 0.009 mg CrO~m3-y~). No excess

nasal or digestive systemcancerswerefound.

Unfortunately, this recent report did not evaluate separately lung cancer risk for those

who worked exclusively in the new facilities, though the second new facility opened iIi

1960. The number of employees employed exclusively in these new fac.Qities was also "

not provided; however, the earlier report by Hayes et at33 indicated5~ employees had..

initial hire dates between 1960 and 1974. Additionally, the Gibb cohort includedmany

very short-term employees; over halfworked less than six months, and 42 % worked less

than 90 days.

Most recently, Luippold and colleagues reported on the mortality experience of a newly

defined cohortof482 chromatechemicalproduction workersfrom the sameplant studied

y Mancuso.2,12,24 In contrastwith Mancuso's cohort, which was defined as production

workers employed between 1930 and 1937, Luippold's cohort consisted of a non

overlapping gro~p of employeesAired.o~ _~r after !~1.0 .ll:trt.i!. ~~ pl~~:s ..~!~sin& ~ 1.9?~ ...

and followed for mortality through 1997. Also, unlike Mancuso's study, Luippold's

studydrew upon data from 20 separateindustrial hygiene surveysidentifiedover several

16
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decades of-the plant'S'{)peranon ~to"determine':indiViduat 'expbsurcn~stimates: Stratified',

SMR anaiyses revealed'no' clear' eltvatiotFiri'risk' for the' fust three of five exposure '

groups, 'but·sUbstantianY.'leIevated tiSk,'eBthhates for the tW6 higliest'expoSl1re' groups',

(SMR=3.65; '95% Ci:"2.68:"':5.92'1forl~05-'fo·'~.70,mglm3'-~ andSMR.4.63; 95% CI:

2.83-7.16 for' 2:70' td~'~tt80' "tnghrt3:.:yeatS).' "By:'19S0:a~number of produCtion

improvements were imphfuientcif: iind:bY 196<Y, tliePainesVille plari.thad stlrted to reduce '

theamountoflime addedto the roastmix. Additional SMR:analyses stratifiedby year of

hire showed that lung cancer risk for the 146 employees hired during or after 1960 was

essentially as expected; SMR=(t92 (95%'C!: O.34"~'2.'O1). AlthoUghrepresentingmostly

high-lime chromate -producticn employees, this study: provided some indication' of a

threshold effect based .on .quantified' estimates of 'hexavalent cbrotniUm exposure,

althoUgh a Iinear'modelcould not be ruledout. '

2.1.Sc Smoking {f! ,', t·. '. ,;.-

The role ofsmoking has largely been ignored in most studies to date, primarily because

smokingdata have been unavailable. However, incompletedata indicated that smoking

levels were probably' qUite"high' formany cohorts. Furthermore, the evidence that is

available suggests that the effect of snioicmg On the Cr(Vl) - lung cancer relationship is

complex. Urinary ehromium'Jevels tend to be higher in smokers than non-smokers.14.40.41

Explanations range from contaminated cigm.ettes,40 increased retention ofparticulates in

the bronchial tree, to stimulation of the Cr(VI) reduction.mechanism in .smokers.~~_

Interestingly, there is also evidence that the reduction and detoxification of Cr(Vl) by

pulmonary alveolar macrophages maybe enhanced in smokers and ex_smokers.14•42,43 An

17
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interaction between Cr(VI) and smoking is ,a distinct po~Dility, and an issue that

remains to be unraveled." Some evidencesuggests that there may be a less,than additive

effect between Cr(Vl) and cigarette smoke at certain steps i,n the carcinogenesls

process,14perhaps related to theenhanced reductive caPacity of~oJc~'airways.

2.1.54 Research Needs

It is tempting to attribute the app~t reduction ofcancer risks suggested J>y most ofthe
'. '

later epidemiological studies to improved workplace conditions and reduced exposure to

Cr(VI) compounds. Despite the improvements cited for the threemore recent studies, the

effects of methodological limitations remain unclear, particularly the effects of

inadequate latency periods for post-change cohorts, and low statistical poweJ; (and

resulting imprecision of relative risk estimates) due to small cohort sizes. Also, recent
, "

toxicokenetic evidence seems to provide provocative clues, for exploration of non-linear

dose-response effects.

2.2 Previous Studies of the Cohorts Participating in this Investigation

2.2~i PLANTHIsTORIES AND DATASOUR~S

Four chromate production plants participated in the current investigation: two Bayer AG

plants in Leverkusen (LEV) and Uerdingen (UER), Germany; an Elementis plant in

COlpUS Christi (CC), Texas, USA; and an Occidental Chemical Corporation plant in

Castle Hayne (CH), North Carolina, U$A. A fifth, plant in !he U~t~ ,~!J:l

(Elementis plant at Eaglescliffe) was included in the original study protocol, but was

unable to participate. All four participating plants converted to no-lime, or were built to
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~ " . ~ 1 ,.\ •

use low-lUiie pr~~~~. ~i<)~~b~ftgeover't(/rio;.lime'o~Crin·e(lat the two ~ayer'plants'

and the EI~entisC~~diisii" Si~;: ~irliCioccideiifa1 CheInica1-eorPoratton -built'the;
. -.l, ~<" :'. ,;.' :. , '~"~,~... ~,.... ~'I •

Castle Hayne planf-'With '8 low;':liDie design. , AIl "plants: cdntinuoUsly -implemented'
, '~

industrial hygiene iriip;ov~~e:Ii~to liriiidiexavalei1t'Cl1rotriium 'cxPbSuie;.'Teflected iii the

very low exposure levels recorded in all facilities in the most recent production years.

The Corpus Christi and Castle Hayne plants are still in operation, the Uerdingen plant
'. .~ . "." "', r:.. ::..,'" .~.~:: ~ .~ ...'Jc~ \; ." • • . ••

closed in 1992,' and the LeverkUseifpl8rlt"closed iIi' 1999. - AIYofthe plants' have been

studied previously, bui'th~ :r~ts rif'th~'~tudy '6fthe COrpus' Christi :facility were not

published, ,
.. ; { .. '

",. "t
• ." ~. <, v .

2.2.2 LEvERKUS~COHORT,BA~ Ad

Originally a high-lime 'fuciJ.ity~· 'th~ Uriierkuseri'pI8nt converted to ano-lime process in

.' . . '. \,. -,\ ,'. - . ~: . _., '.. ,... ".
1958. The modificationcompletion 'date officially was set at January 1, 1958, although

complete changeover probably OCCUlTed sometime after that date. The plant stopped

production and closed by early 1999, with remaining employees assigned to other

production areas in r.ev~kd~ Several prior 'cohort studies havebeen conducted on one

or more Germanfacilities, including the Leverkusen plant.22.38.44

From the most recent folio~-upof these Studies;22 the study cohort included all 695 male

chromate workers (moStly 'G~aIi nationality) active on Jan 1, 1948 or later at the

----- - .Leverkusen dichromate plant The cohort also includedformerchromatew~~ at ~e

other Bayer plant in Uerdingen who were active on January 1, 1948 or living retirees on

January 1, 1948. All Leverkusen cohort members had to be employed for at least one
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year at the dichromate plant and were followed until December 31,: 1988. Separate

analyseswere conducted for three sub-cohorts, defined by time period (;>ffirst exposure

(two pre-cbangeand one post-cbange group).

The post-change cohort included all employeesfirst employed after 1~57 for at least one

year (n=416; 4,908 person-years). Compared to the North Rhine-Westphalia region, the

post-1957 cohorthad an SMR of 1.01 (95% CI: 0.56-1.~7) for all malignant neoplasms

(I5 deaths) and an SMR. of 1.45 (95% CI: 0.62-2.86) for bronchial CllfCinoma (eight

deaths). The SMR. for all causesofdeathcombinedwas not reportedfor thisgroup alone

(49 deaths and 22 with unknown vital status), but an SMR of 0.97 from all causes

combined was' reported for the entire Leverlmsen cohort, including ~ pr~hange

groups. These post-change results must be consideredpreliminary because the maj~ty

of the group had not had sufficient follow-up to allow for the latency period typical. for

lung cancer. Fonner employees of this facility are under continued voluntary medical

surveillance,

The database for this previous cohort study was constructed from the central Medical

Department's data bank and personnel data maintained by each plant. These records

included time spent in the dichromate production area by maintenanceworkers, engineers

and others assigned to multiple production areas. Several exposure zones-were identified

within the plant, and air chromium and individual urinary chromium values were

recorded from 1977 to 1990. 'However, these exposure data were not used in the data

analysis because workers were rotated through all plant areas, making estimation of
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individual :" exposure' levelsildiffiCult;<' Vital 'status !Was .detennined.from medical or

personnelrecords, 'olfil>:m:tbe JoeaH>opUlatioiJ. -regiStries. Best-av.ai1able~of death

information wasobtained from hospital, surgical andgeneral pJ;aCtitioneueports obtained.

by plant physicians to' ascertain the possIbility ofa work-related illnessor cause ofdeath

(for workers comPenSaiiori:'Pt1ip'Os~)."lit Germany, individual cause ofdeathinformation

is difficult to obtain,as'"datri·~eS "are'nt>t'publicdocuments. -Though there maybe .

a greaterproportiorrefdeatns 'fOr~the.G'eim.a:il plants withoutknown.causeofdeath, the

infonnation that is obtaiJie<!' from' 'the-variouS 'soUrces is likely to be more detailed and

possibly more accurate than death'ftom"deathcertificates alone.

Data on Smoking habits were available,but not used in the previous analyses because of

lack of information onsmokirig habits: in earlieryears.· However, smoking information

was reported to-be available for 82% (3411416) ofpost-cbange.workers, and oftbese,
- .

73% (250j were cmrcilt smokeis<at the time' of their last medical examination.' Of the

eight bronchial carcinoma deaths, six were among smokers and the remaining two were

ofunknown smoking status. Using a survey of the general population in West Germany

that 'showed that 52% cfmales'berween '40·64 years of age were smokers, the authors

estimated that the cohort would"be-expected to have an 35% increase in lung cancer risk

due to smoking alone, althougbno increase in hmg cancer risk was observed.

2.2.3 "UERDlNGEN COHORT, BAYER, AG

The Uerdingen facility 'was converted from a high-lime to a no-lime process during the

early 1960s. Though the modification completion date officially was set at January 1,
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1964, the changeoverprocess is known to have continued past.that date. This was the
, . " .", ;-

second plant investigated in the previous studies mentioned S:bove.~44" From the most

recent follow-up of, these studies,22 the total l)erdingen cohort inql~, 722 male

chromate workers (mostly German nationality) wiili the ,same in<?lU$ion criteria and,
" ". -

follow-up period as the Leverkusen cohort (see above)~ . '~, ~ -', .~ ..'

The employee database, similar to thatofthe Leverkusenplant, was constructed from the. . ". '.' .', ' _ .

central Medical Department's data bank and plant personnel data, Exposure data were

not used in the analyses for the reasons descdbed above for the Leverknsen cohort. Vital

status and cause of death determination also were identical to the procedures ~escribed

above. Data on smoking habits were not used in the analysis because, tb,o~gh complete
- '. '.J

for the post-change workers, this information was not available for 31% of. the pre-
, -

change group. However, similar to the Leverkusen cohort, a high proportion (720/0.) of. .'.

the total Uerdingen cohort had a history of smoking. As with the Leverkusen co~ort"

separate analyses were conducted for three sub-cohorts, defined by time period of first

exposure (two pre-change and one post-ehange group).

The post-change cohort included all employees first employed after 1963 for at least one

year and followed through 1988 (n=262; 2,659 person-years). Compared to, the North

Rhine-Westphalian reference mortality rates, the post-1963 cohort had an SMR of 0.51

(95% CI: 0.07-1.73) for all malignant neoplasms (two observed deaths) and an S:MR of ,

0.69 (95% CI: 0.01-3.62) for bronchial carcinoma(one observed death). The all-cause

SMR. was not reported for this group alone (eight total deaths and 12 with unknown vital
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• I ••• I.~_....~.;,~ ""~Y_' .,'

status), but an'SMR of -1:05" n-onf'al1 causes Combined was reported' for the': entire ';

Uerdingeit Cohort.:'~ 11t~ ~~otS' "i8£knowiM~'ltbat" thefollow':'Up' period' was 'not·:

sufficient1)i;'lon~"for"'bi~i wOrlCei3 m:.:tltis':groUp.· Most sections of the Uerdingen

dicbrom~teplant were;cl6s~tbythe' end' of'1992,- 'andthc'refu8ioing sections closed by

1995. Former employees are currently under volUi:ttaiY'mooical~8nce'. '

:", !'~'~~.,':-"'.• (;\. -.'~'~.• ,,"; ..... ~. .

2.2.4 CORPUS CinUSTfCOHORT, EllMENTIs;USA (FORMERLYAMERICAN CHROME) .

The Corpus Christi' (TX)' plant, 'f~erlj/~drlgli~lime"faciiitY; currently 'uses a no-lime

process. The high-lime p~esswas 'Used from i962 UhtiI 1980,and the conversion to a

no-lime~sw~ made'shortlyafter the plant was'acquired by American Chrome in

1980. Applied EpfcieDrlo!ogy, Inc, Conducted an epidemiological ~ortality study and

employee survey citthis faCilitY'iD: 1995 (Unpublished data). An employee database was

designed ands~uSln8 ProQuest;'a PC- based information management system for

epidemiologicai StUdieS tSoftWher~, Inc, Goshen; MA and Applied Epidenuo1ogy, Inc.,

Amherst, MA). TmI{daiabaSe' ~cliided detailed employee infoIDlation obtained, from a

. questionnaire on medical history, smoking~, :c8ffeine and alcohol use, exercise

habits, respiratory protection use, and exposures to other hazards, As of the end of the

follow-up period (1994), '202 oftlie 351 current and fonner employees (58%) responded

to the questionnaire. 'nerriogi-aphic, and complete work history data were collected on all

employees from personnel records. Death certificates were obtained for 23 of the 27

decedents (including 22 males) identified from company records. No exposure data were

collected for this study.
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An internal report (Applied Epidemiology, Inc., unpublished data, 1995) summarised

employeemortality experience from the time American Chrome and Chemicals acquired

the facility (October 15, 1979) tbrough'November 30, 1994. The cohort included 382

workers (4,293 person-years), and mortality analyses were restricted to 310 (3,549

person-years) males(including white, black and Hispanic'males). Comparedto theTexas

white male population, the SMR. was 0.64 (9OO'" CI; 0.44-0.92)1 for all causes (22

deaths), the SMR was 1.24 (90010 CI: OSQ-Z.05) for malignant neoplasms (11 deaths),

and the SMR was 1.67 (90% CI: 0.72-3.29) for respiratory cancers (six deaths). The

analysis included both pre- and post-change workers, and the results must be considered

preliminary because-approximately half ofthe cohort did-nothave-sufficient follow-up to.

allow for a minimal latencyperiod for lung cancer.

2.2.5 CASTLE HAYNE COHORT, OCCIDENTALCHEMICALCoRPORATION'

The Castle Hayne (NC) plant was built with the low-lime process design and opened in

1971. The plant produces dichromate solution, sodium dichromate crystal and chromium

trioxide flake. The plant was engineered to minimize chromium exposure,and to replace

two former high-lime process facilitiesin Painesville, OH and Kearny,NI, USA.

Pastides et aI39•
4S conducted a retrospectivecohort study ofthe plant as the first step ofan

ongoing surveillance program. The cohort was comprised of all employees (n=398)

.workingat least one year between the plant opening on September4t 1971 and December

1Note that 90% confidenceintervals were reported,which are typicallyused for exploratoIY analyses.

These will have narrower ranges comparedwith95% confidenceintervals.
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31, 1989,'and includect:>f.5 woIkets..(122.person.-years) wJJ,~ had tIan$f~~:one'P~·:..

the older facilities,'.(painesville Olt!Keamy··plams). ::A detailed:employee database ~as:

designed and strueture(Lusing an ..early version-of ProQuest. ' This,databas~ iJ¥:luded

detailed·employee" questionnaire information ~ on medical hist~ry, $moking history, p~ant

work history, previboS',:workbistory;..ancl' exposure to other.hazards. .Of the 381 living

cohort ritembers,:-289 completed either: the.' questionnaire .or telephone intervi~. For

deceased employees (n~17) andnon~~ndents (n=92),job histories were.reconstructed

:from plant personnel:files; .. -, Informatioit: .on smoking habits was obtail;1ed from other

employees for deceased :employees. '..Most ,deaths, .were identified through comp~y

records: AdditioDal 'searches were conducted using the National Death Index (NOI) of

the U.S. National Center for Health Statistics (NCHS), North Carolinadeath certificate

searches, and the Death Master File (DMF) of the Social Security Administration (SSA).

Analyses were limited to white male employees'(JF311).

Compared to local North·GaroIina.counties, SMRs were 0.72 (90% CI: OA5-l.lOi for

all causes (16 observed-deaths), :1-.25 (90% CI:·0.54-2.4:6) for all malignant neoplasms

(six deaths), and 0.97 (90% .CI:O.17-3:06):for respiratory cancers (two deaths). The

reported SMRs combined the employees previously employed at one of the older high

lime facilities with those; employedonly at the Castle Hayne plant. However, further

analysis indicated that'the sub-cohort of employees who had transferred from previous

chromate producing- plants.had an elevated respiratory cancer risk (based on two cases,

2 Note againthat 90%confidence intervals were reported. whichwill havenarrower rangescompared with

95%confidence intervals.
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one of which had 31 years employment at the older p~). Both resp~tory cancers
.
ioccurred among smokers. ~ relatively short follow-up f~many in the cohort an~ the

small study sample sizelimit the interpretation ofthe results... .., , ..

This study benefitedfrom an extensive exposure assessment. More than 5,000. industrial
. . '. ," . '

hygiene personal air monitoring results were obtained for .th~ period, F~bruary 1974 to

April 1989. In addition, morethan 1,500 area air samples ~ere available from 1971

through 1979. Using work history records, about 100 job titles w~ identified and

groupedinto 22 discrete exposure areas. Industrialhygienedata were then sorted into the

cells of a matrix. defined by these 22 worle areas over each calendar year. M~. . ..

within cells were summarized using geometric means. Individual work histories were.. '

used to link individuals to exposure scores, and subsequently to classify indivi4uals as

having high, medium or low cumulative exposure estimates. Because of the sn:W1
•• \ r

number of lung cancer deaths observed, no dose-response analyses were possible.

However, a logistic regressionmodel showed that risk of malignant neoplasm(all sites,

not limited to respiratoIy cancers) increased with exposure prior to Castle Hayne (odds

ratio=l.22; 90% CI: 1.03-1.45), older age (OR=1.77; goo.4 CI: 1.06-2.95), and ever

smoked (OR=1.78; 90% CI: 0.45-7.01), bl;rt not with a cumulative exposure indicator

(further reduced to higbllow), with OR=O.5 (90% CI: 0.13-2.02).

2.3 Rationale for. a Stu~y Co.-.bining these ~9.horts

,Although the published literature demonstrates a consistent association between

hexavalentchromate exposure and respiratory cancer, the change to no-lime or low-lime
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processes:'Jri the ;~;rluri{' ~heiDi~s 'fud~; ~~bii1ed 'With Iinj,roved Pto~on
,~ •• -~ .. ~< ....'~....\ 7 'r.;~~·~ -r .... '''.;.~ '"", -1:· i , 'f "~- ,.j.. ,. ,.' '" ", -."' ..

methods and'iildiistriat hygienepniCtices renders this'enensiveliteratureunrepresentative

ofcmrentexposure conditions. SttidYfug tli~ rii~ ~bri>mi~~~ industrY offerS

opportunities for filling this gap in the scientific literature, but most facilities have been
, •• '"' ~ > ." ~i'" , {';"..... , .Ct " \ ... ' ;, ......" " ~ • -. .' 4 "'" " -, ..' ~ " " ., • .. •

inadequate 'for' stand-atone" an8tySe8" of lung' 'cancer.'risk' asSOciated ""vith Chromium
: '. . -r(.-::~~·";'l-: :..:\..:.~".'.~,;... .; ..~-: ~~ ..;>~ •. ...·1 ·"1:"~1;,· .,,".. ._~ .."•.

exposure, primarilydue to relativelysmallexposedemployee populations. ~er, pnor

to this pOfut lli'tim~:'~~tmi~;l1iS;~"sinciconv~o~ ,to '(orcOnsti:oction o~
.. '. .... 1",,' ... r "...• '. ~ t~: _. .',., "', -. . -.. . / I • ~ •• '.' •

low-lime'or no-lime processes to 'be able 'to detect any reru8ining lung cancer risk
, .

, . ',.'\ ·.....:t -, ,,; ,~~:: ,,-.. ; ~ "¥ ,,_ .' > ',' ' • • •

associated with lower exposure. For these substantial reasons, a combined study of

employees '>:fr~m se~eral ~ 'prodUction 'facilities was undertaken,' 'with better

statistie8I'po~er·tJuri,. anY stUdy of'a singleplaitt'nrlght provide, Thou!h still modest in

size, th~ cOriibin~ 'cOh~ of employees ~f fo~ fucilities enhanced the ability to tterlve

,- .'.' .

..... '-.'

The pri~ 'goai' of this ~dY:'~~ 'to"~aiuate the possible cancer mortality risks
... ,. . '. ~. -. . ..... .

associated with hexavalent: chromium "expoSure in the post-ebange environmen4

increasing statiStiCal powe;"'for the SbmY bycombining employees :from four separatebut

similarfacilities. 'SPecific'~bjecti~~ '~cluded thefolloWing:

• To constructjob exposurematrices (JEMs) for each plant using standardized

methodology and terminology across plants; to compare and evaluate

differences between plants; to validate JEMs using other data sources

includingexpertevaluation;
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• To calculate individual exposure estimates ,by linking individual work

histories to the appmpriate JEMs;

• To conduct standardized mortality ratio (SMR) analyses' and calculate all

cause and cause-specific SMRs for all plants combin-ed, using appropriate

nationaland regionalreference rates;' , '_ .:_- , " ". :, , " :

• To conduct multivariable analyses oflung cancers to evaluate risk, accounting

for exposureto hexavalentchromium, smokingstatns,and~...
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3.1 Cohort:EnUmenti01l.·\~~::·~i'; :..'.n:~. -' t ....::.· .'.;.t; ...!:,.":.,, •.

EmployeeS',of each':of~j fdur ,IWticlpatiI1t·clttom.fum;chemiealproduction plants have

been included in previous epidemiological studies.' From, these cohorts".the post-cbange

employees- were''eXtrilctfd·t<i fuim tbe't01'e· of.a 'combined cohortfor this ·study (Table 1).

This multi-plant cohort was lexpailded<fDrt1ier to ,ibclude 'all 'employees hired since the

previous studies, as well as any employees who had been excluded from previous studies

because they had not completed one year ofemployment prior to the en~ of the previous

studies. Excluded from this study were aU employees who worked' at any time in the

older, chromium production facilities as well as employees with less than one year total

employment in the modem plants. Vcry short-term employees are more difficult to trace,

often have different baseline disease risks from 'long-term employees, and are less likely

to have had occupational exposures that meaningfully influence their ultimate cause of

death. Therefore their exclusion enhances the focus of the study on the most releVant

employees and long-tenn exposures.

The enmneration of the German sub-cohorts was based on the databases generated for the

previous study (through December' 31, 1988). Existing medical databases, mainly for

purposes of medical surveillance of chromate-exposed employees, and ali employee

database for. the Uerdingen plant, constructed for other purposes than medical

surveillance, were used to identify persons hired after the end of follow-up for the last

study. Employees with a history of pre-change exposure or with less than one year of
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only male employees who worked in the chromate facilities were included. Nearly all

wereGerman nationals, although a fewwere from other European countries.

. ,

For each ofthe U.S. plants, existing study databases also served as the primary sources of
. ." '" .

data. Plant personnel records at each of the plants were used to identify all employees

who were hired since 1989 and 1994 at the Castle Hayne and Corpus Christi plants,. . ..

respectively, and to verifythe completeness of the. existing study databases. Both ofthe
. , : .' .

U.S. plants included female employees in the cohort. Approxima,t~y.one-third of the

Corpus Christi employees :w~e Hispanic and nearly 2QOA of the Castle.Hayne employees
, .' :-,:.

were black.

3.2 Work History

3.2.1 GERMAN PLANTs -

Using various data sources including the medical records of each employee, we

reconstructed detailed employment histories for each cohort member of the Gen:nan

plants. Between. 1985 and 1986, the Industrial Hygiene ,(IH) Deparbnent at Bayer

conducted a workplace smvey and determined exposure areas and exposure levels. This

survey identified 15 and 24 work area/job function groupings at Uerdingen and

Leverkusen, respectively. These categories were used to reconstruct the individual work
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~ :.1 f': ~\ ·~t·'I' . "fi'l\:'l ..~~.",. -: '4' '~', ~ - ,., • • :.

histories"and to link'eacll",gmplo%e ItO 'the'proper work a.rea'over'the en~ period of '
,'.:-: .• :'~, ,.,:f·_ :.·i·>!1";.'_r.:.:....~f·~:.~ ..~.. ,·:!r"'·~,:1 ",~t' ~(.' " ,- • r'.

employment in the plant. AlthOugh this approach will assrgnthe same eip()sure values to'
., .. f'. c "1 • ;: '. ( 'f : ',. 'I ••~', ....... :, .. '. "" .' • , I" : ,. _ .' • '. ,

employeeS with the same'work hisiOnes. their adtW iridiViciU81'expOsures'are likely to '

differ~ 'to diff~~·;iridf~d~:~oii2~cies:'iici~fu,ltYto prOOOss"emissioris, '~d'

Employees in the production areas at the Uerdingen plant worked in rotational shifts,
. , ", I,' ..~ .~ ~ ~. - . t"~. 1 'I ~" '" '. ' ~

making it ilnpossible"tri'sSsiildndividUalS to' asiDgIe' work area. at any' point in time,

Productio~ empl~y~ c~~ ~ecific ~~k~ and tasb w~y;' these employees,

however, ~:uidbe' Ci~(~, assigned to"lq~ work areas or task groupS' defined by the"m

department to" ~erlect th~ fl~~ of worlc. .: Within thes~' brOOci~ Categori~, total worldng
, ,

. '. • .' .. ~.. t. J i • •

time was apportioned (according to number of areas involved in the rotations) across the
• • :. 1.~ .:." '" t'~ :_:- ~_. • • > .' ~.' '. • ~ •

related specific areas. This categOriZation then allowed assigninent of ""composite"

exposure estimates to rotation workers. Non-production employees (e.g., employees

working in the:fill stations, dispatch or plant workshops) usually worked a day shift, and

changes in work areas or tasks for these employees were rare.

Employees at 'the~~~'plant v.:rere'~of assigned to specific work areas or tasks~

were allocated to jobs dq,~cIkg'6nactualneed. Most employees, however, remained in

one of the buil~\ha{comprised the chromate plant. During routine semi-annual

medical examinations, the piitnary jobs-and task of the employee were recorded. We

used this infonnation to determine where each employee worked over the period oftime
, .

since the previous exaniination. Changes in work areas recorded in the medical records
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were verified against information recorded in shift books; including approXimate date of

job changes.

For the LeverkusenpIantinfo~on collected during the medical examination included

the proportion of time spent by maintenance wo.dcers, engineers.and others .in the

dichromate plant (If they were assigned to areas other than the dichromate plant). This

information was less complete at Uerdingen, and was reported. only occasionally for

maintenanceworkers, engineersand othecs assignedpart-time to the dichromate plant.

3.2.2 U.S. PLANTs

. For the U.S. plants, job tasks. and work area assignments were detennined using plant·

personnel records. For Castle Hayne employees, a survey, conducted in person and via

telephone for the previous cohort study, served as the primary -source for work-.history

data for those who worlced before 1990. The primary source for all employees hired

since 1990, and a secondarysource for the older.employees was a printout ofan earlier

computerized database of plant personnel. Information from this database was

incomplete for the earliest years ofthe plant. When job assignments and tasks conflicted

from the two sources, data from the personal interview were used. For some employees

data gaps existed, and it is .possible that errors resulted from the process used to

adjudicate conflicts in the plant data; however, plant personnel assisted with the decision

making process in order to derivethebest possible resolution.
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3.3 ExposoreData:.'!'1:t·..S~,>,l·:..:i~,"J-::: '~;':" ",. ",

3.3.1 PERsONAL AIR MONITORINGDATA

Personal air monitoring samples were collected at all plants, although relatively few

samples wereavailable fortbe~"ennanlplantS..(less than: 300'sampleseaQh), and ,(>n1y for.. '

the most leeent;ye&l!'s (!fabl~:2}~:i.~Pe1wnalairmeasurements were.conducted for the:first '

time by.the IndustriatiHygiene DepartmentS at ,Uerdingen .andLeverkusen dming.1985

and 1986, as mandated-by new/leBa! regulations. The'Sampling strategy. was dictated by

these legal regulations"th:at .. specified.~·tbat an·initial work'place analysis include the

determination of exposure areas and exposure concentrations, and when personal

protective equipment was worn, sampling pumps were to be turned off. Presumably this

was done to better"siniulate actual exposure rather 1hailwhat is normally measured 

potential exposure.. ';:"Control~measurements were taken; usually once-per year. For

Leverkusen, the' sampling ,results. :Well' . provided directly by· the Industrial Hygiene

Department'while. the·data,forlUerding~.were extracted and derived from the original

sampling protocols.and,anaIytica1,resultreports.

• • :.' ':" ~'. .' .: .~... (~l"~ • .' ~':' • ~ .... _.

Personal air samplingwas condudedat Corpus-Christi and CastleHayneovermost years

of the study; .however, there 'were several years when no personal air sampling was

conducted at Corpus Christi (1982, 1985-1987, 1989) or at Castle Hayne (1971-1973,

1993-1994, very few samPles.during 1997-1998).' Otherwise, more than 5,200 industrial

hygiene personal air-monitoring resultswere obtained for the period February 1974 to

April 1989 (Table 2) at the Castle Hayne plant, while approximately 230 samples were

obtained for the later years.
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;

From approximatelY 1981 to 1985,personal air sampling was conducted twice yearly for ",

eachjob title at the Corpus Christi plant Both ~1al~um,~hexavalent chromium

were sampled. During the early ~990~s, ~e~liilg strategy ',c1lange4 so, that every

person with potential chromium exposure was sampled once per year..and every job was-. , ~: .....', .-' .

sampled once per quarter ,~. In January 1995, the .~rp~ Christi .plant initiated a

strategy of random sampling'of personnel. .Each job title was assigned seven random
" , ' ~ -" -.

dates and each job was sampled seven times over 17 months. .All personnel who were

assigned to administration, Iaboratory or technical jobs, and/or. were .engineers,

production supervisors or maintenance supervisors were excluded from ,personal air '

sampling. Overall, over 1200 personal air monitoring results were available.

The personal air sampling strategy at Castle Hayne for the years 1974 to 1978,was to

collect a sample from each employee every eight to ten weeks, though records ~dieate

that sampling did not occur~ frequently for most employees. After 1978, sampling·

was based on the NIOSH recommended exposure limit (REL) and the plant action level,

which determinedthe amount and type of follow-up sampling. Generally, each employee

was sampled at least once per year, or more often ~f there were engineering problems or

unusually high chromium levels in a particular area of'the plant.45

3.3.2 AREAAIRMONITORlNGDATA

In contrast to the few personal air monitoring measurements available for Leverkusenand

Uerdingen, stationaryarea air measurements were available over a longer time and were
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more abundant Thougharea air measurements had been conductedin the Germanplants

sincethe.early~:resultS'were~onty~aV8iIahfe·~1973 at Lev~:~'1:978 ~~'

Uerdingen (Table:2J.··..'Fot-'the'!~eveiifuSdi' p~:~oiC'~ '3,400'~ m~em~'

were.1aken by the' liiaustri31 H~ifu~ Dep8rtmeii{abd~Yz~ in'tb~'ko~c ~~~

laboratory:ofthe;coinpmy~': The':iainI>r~{,*~\istiall~ taken'~onthiy ~ mostly:~ 18

distinct locations; land lher~ed 'resU1is,::aVallable' ihp~ form .~.. tYPed Ilsts, were

adjusted fot volume,lafr~' ana temperatUre. For tlie'Ueraingen plant, about i.iso

area measurements were: a:V3iIabl~'ttoin hand-Wrlttcit fiSts.- th~· wen; two diff~

measurement series, The fuSt series includedn1~ems :fur ci~t to 12 locations in

the.plant forthe years 1978' io'·1988. The s~i1d ~es included meaSurements for 25

locations for the yeats'1985 to 1990. All'meaSttteinents were ~nducted by plant

personal and analyzed in the plant laboratory. No information about the measurement

strategy or details .df the measurements 'Wai ~able. The Industrial Hygiene

Department'ofuerdiJijen"ex~sed'Co!1cemabout the qualitY of the measurem~ and
the validity of·the· ieSUlts'~uSe'peisoim'el eonduCtiIig:the sampling were not adequately

Qualified andthe measurementpi-o~ waS not standardi7£d.
• .: : ::. ~ :. r : • -~' _••

Over 1500 area air samples: were available for the Period 1971 to 1979 at the Castle

Hayne plant. Most were short-termceiliag samples, and no data were found for 1973.

Results of area sampling conducted 1919-1989 were not available because those data,

existing in paper fonnat only, werenot abstracted for the first study, as the amount of

personal air samples available for that time period was considered sufficient. These area

data obtained from 1979-1989, as well as some additional area sampling data from 1990
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and 1991, were not used for the currentstudy because of the greater amount of personal

air monitoring data available.

During the 1980's,areaair monitoring for hexavalent cluomimri was cOiiducted quarterly

for 23 locations at the Coxpus Christi plant The sample runs lasted 300minutes. During

the 1990's. plant personnel scheduled 18 monitoring stations to be sampled once every

quarter, while the remaining five areas, with,very low 'expected exposures; were sampled

once every 17 months.

3.3.3 BIOMONITORJNG DATA

Urinary, whole blood and senun analysis data were available for both Levedcusen 8nd

Uerdingen (Table 2). These data were collected during the routine medical examinationS

of the employees. More than 5,400 urinalysis results for Uerdingen employees and '

almost7,000for Leverkusen employees were available over the foDow":up. Fewer blood

samplesw~ available thanurinaIy samples. and in more recent years only: from 1969 to

1971 and since 1983, at the Leverknsen plant and since 1972 at the Uerdingen plant

Sermn analyses were first conducted during the mid-1980~sin both plants. '

All biomonitoring data for the Uerdingen plant were extracted from the employees'

medical records. Biomonitoring data for Leverkusen cohort members were provided from

the Institute for Biomonitoring of the Bayer Leverkusen AG for the years since the late

1970's. The data for the earlier years were extracted from the' employees' medical

records. Usually no biomonitoring data were available for maintenance workers who
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w~e. ~~~~:;~~~~~j·.:!P·~#le::I3i<}~.,plant and ·part-time·to other 'pbints at

Leverla1sen. At Uerdingen. biomonitoring data were available forall cohoi1'mem.bers.·'

. '.
1",

-' .~. .

. "

3.4 S..-o~Hab.lfs.,:\ .'. .;. '., ·'·c'· .. -'.-:'J';' '" ,':' ,', '" ,~. .;
_~. r"'''' I ~.' l .. •-, ~ ;". ".~. ," .,.• ~~ :

Data: on,SIn0~ ba.bA~~,lJ¢:~.jn theprevieus analysts of the iwo German pIati1s
i ._, '. .' I" ...... ~ ~ ... .'

because oflack of information onsmoking habitsin earlieryears. Dming themostrecent

decades, however, information on smoking habits was collected during routine m~ca1

examination. Smoking status information was available for approximately: 9()0,4 of

employees bit:"¢ after 1957 atLev~ and nearly all. employees hired after 1963 at. . . -- ",. .

u~~ ,.,~~~~ ~ ,data W~" not complete for all employees, information

collected mcluded S1l1Qldng,~•.began smokin&' nUmber ofci~ or cigars
" . .,:.lC: ", . ,', _' r ,... ~ • ..... ,

smok~ per ~Y, grap;t~;9fp!P~tobacco.smoked per week.and the yearthe employee quit

smo~g., So~~ of~;; i~o/ID-~~nwas obtained'from'the database ofthe earlier study.
. . '" .'

Each study subj~ct's medical record was checked to verify this information as well as
.' '".. • ' _ F ~. '~.', .' '.

obtain smoking infOIIl¢ion for. study.,subjects who. were hired since.the end of the
• , • .J I" ~ -;,. ~,,'\ 4 '

previous study.

~. '_:~' i..' ..

For the Corpus Christi plant, data on sm.oking habits were obtained from a questionnaire
,.;. - ... ,

sent in 1993 to current ~d, ..fermer employees, of whom 202 (of 351 total) responded,

including a largeproportion of retirees. Additional smoking information was provided

from plant personnel who conducted pulmonary function and audiometry screenings. In
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the latter case, smoking information was ~enerallr a~,abJe only as ever smoked or

never smoked.

For the Castle Hayne plant, data.on smoking habits were obtaine4·in 1989 for the' first

study from a self-a~stered questionnaire for active and most former.employ~ or a

telephone interview for former employees who did not respond to the initialrequest. Of

381 total cohort members, 289 responded. For the, current, study, .company medical

records provided smoking information for employees hired since conclusion of the first

study. For deceased employees, information on smoking habits was obtained from other
, ,

employees at the plant who were likely to know their colleagues' smQking habits.

3.5 Data Acquisition and Database Construction

A database of study cohort members was constructed using the ProQuest modular' .

database system (SoftWhereJ Inc., Goshen, M~husetts, USA, and Applied

Epidemiology, Inc., Amherst, MA, USA). Several modules were constructed and 

designed to contain distinct types ofdata, such as smoking data,' mortality data, exposure

data, and job historydata. Each record in a module was linked to a demographics module

record for that study subject For the German plants, medical department staff or other

authorized persons linked all study data for each employee and removed all personal

identifiers before sending the data to AEI for inclusion in the database. The

anonymization of the data assures confidentiality; only the plants hold the key to

employee identities. Personal-identifiers for the U.S. plants were included in the study
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information.

", - ~

3.6: .'" Exposuret:AssessBteD:t'6verView' ,.-,: " . "" ' " " ..: v.. '

The,goaLQf Jh~a:xposute :tiSesSDterit- \vas ~ deri:t;e':oneOt:m~ ·estitmt~ of ~ch
'. . .

employee~s ,expOsUret6;'hexa-ialent'C:hrt)mi~' Esfun3tes.~~. baBed necessarily on data

compiled fro1DJ/various':SoUtces~:"u;nO::singie source o~ type of exposure chna was

available atall fout~p181its~or'tOr the'enfrre':sfudy Period.' FUrtlier~ ~te;s were based

on the compiled' exposuredata ~relevmit to'~Ui>s ofmdMd~s, as no>source of data

single or oombin:ed':"':.cOuld prO~de adequate ~timates of~~efor each individual in

the study. The general approach selected was to constructjob exposurematrices (JEMs)

using existing industrial hygiene data.';' JEMs are simply matrices whose axes are

typically exposure.;ateaS and c8len~: penods.' , fu' this case, the exposure areas.were

based on hQmogenoUS-/e14posure grOups '(l:tEGs), ';ork areas bavhig exposure potential

discrete from others and:within:wmcb:all'Emlployees ~OuId be expected to have similar

exposure, and ,the .ealendarperiOd0 represents 'one year. Industrial hygiene measures

obtainedfor,each MEG ai1cUittle period' in the JEM (i.e., ]EM cells) were summarized to

obtain an average exposure' level for·that Specific time period and location. Because

exposure data are Usually' not' normally distributed, but strongly skewed, exposure

measures Within' cells -of the JEM were summarized by calculating geometric means.

Each employee'S exposure' td',hexavalent chromium was then estimated by linking

individual employee work histories (i.e.,the amount oftime each employeespent in each

ofthe HEGs) to these summazy measures in the JEMs.
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Exposure assessment was conducted to·chara~ exposure over time using two

measures: cumulative exposure and peak exposure indicator score. Cumulative exposure

,was measured as the sumof the,geometric mean exposure over.tbeyears in'chromium-
, ' .

exposed work areas. Peak exposure wasmeasured by the sum.ofpeakexposure ranks in

chromium-exposed workareas. These measures are described in greater detail below•

.. ,,'

3.6.1 IDENTIFICATIO~,OFHOMOGENOUS ExPOsURE _G~9UPS

.. : .:

Where possible, homogeneous exposure groups were identified using existing~

-groups defined in ,earlier studies. This grouping was supplemented with information'

obtained from industrial hygienists and other knowledgeable personnel at·each plant to

derive a manageable number of exposure areas with. discrete job tasks and therefore

potentially discrete exposure levels. Operational areas of each plant often formed. the

basis for identifying these exposure~ where jobs and tasks had similar exposure

levels and similar opportunities for exposure within an area, but had exposures-different

from any other area. These homogenous exposure areas are summarized in Table 3. All.

job titles and tasks from the work histories were identified and linked to the

corresponding exposure area. ,

The surveys conducted in 1985 and 1986 by the Industrial Hygiene Departments at

Leverkusen and Uerdingen identified 24 and 15 homogenous exposure groups,

respectively, that existed during some period of plant operation within the stu~Y period.

All job titles were mapped to these exposure areas, based on extensive consultations with
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"

medicalpersonnel at eachplant. Usingwork history records at Castle Hayne,about 100

job titlesw~ identified·and'sim.ilarly·mappe(f'td'22'd.iSciete'eiPO~ ~. t 'ii.te'Corpus

Onisti plant had.hundreds of.job titles,;bUt most ofthese'reflected'~sfratiV:e chaiigeS

in title,withoutchange;ljn'~woIk tasks/AS'Withthe 6ther~l~,' th.~ all ~~e' niaP~ to

w • , '

" ".'

-' .; .

3.6.2 VERlFICATION ANDSTANl)ARDIZATION OFAIRMONITORlNG DATA

At Corpus Christi chromium meaSuiement'S' were 'reported'~ 'chromic acid (Cr03) in

earlier Ye8ll aD:d .as. hexavalent ··chforiliutn· in ·Iater Years:" 'The Castle Hayne plant

alternated between the two ·repOrting Conventions (CrO:J and Cr(VI) during the early

years, and, similar,to ,Coq,us Christi; ,reported results as hexavalent chromium iiI later

years. Data:from 'all loCationswere Standardized to hexavalent chromium in J1g1m3 unit

values. Because" perSOnaI"air; monitOring' sa:mpi~ 'should be coueeled over full-shift
durations, or at least:tloseto ·full2shiff dtrrations to be representative of daily exposure,

we excluded fromthe' exposure:aSseSSmeI1t all'samples of less than four hours duration.

All personal air.monitOring samPles at the Corpus Christi plant were full-shift samples;

however, 69 out ofabout 5500 personaJ. 'air Samples at Castle Haynewere less than four

hours (i,e., less than50% ofan eight-hour shift) and therefore excludedfrom the analysis.

For both of theseplants, data below the level ofdetection (LOD) were substituted by the

midpoint between the LOD and zero (i,e., LOD/2).

Although personal air samples were available at all plants, the Gennan plants provided

very few, and only for years beginning with 1986. Instead ofpersonal air sampling, the
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German plants relied primari~yon biomonitoring data, especially chromium in urine and

blood, for individual exposure surveillance. In contrast, the twoU~S. plants relied on

relatively extensiveairmonitoringdata, and had no biomonitoringdata.

3.6.3 VERIFICATI<?N AND STANDARDIZATION OF,URlNARY CHROlVi.1UM:DATA

The urinary data posed two cha1lenges~ F~ urinarymeasurements for some yearS were

reported as creatinin~adjusted values while~m~entsfor 'other years either

were corrected for specific gravity or were not corrected for hydration. Correction for

hydration is important because urinaIy concentration is influenced by the amount of

fluids an employee consumes, and various techniques have been used historically.

Creatinine adjustmentbecame popular under th~ belief t:lJat humans excrete 8 'relatively

constant quantity of creatinine in their urine despite_urinary volume (which is partly- '8

function ofhydration). However, more recently, it has been demons.trated that despite

fairly constant excretion rates-within individuals. thereis substantial v8;riability between

individuals in the amount of creatinine excreted, and exposure may be systematically

under or over estimatedfor some. For this reason creatinine adjustment has grown out of

favor. Nevertheless, hydration remains an important issue in, the inteJPreta.tion of -

urinalysis results.

Second,' many employees had multiple measurements of urinary data over very short

periods of time. These possibly reflect the-medical monitoring of employees following

known or suspected overexposure. possibly related to spills or other upset conditions. If

so, these measurements would not constitute routine, independent exposure estimates.
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3.6.3a Creatinine-Adjusted versus Specific Gravity

For LeverkuseI\,p:1.~ents of.chrOl'inutt);(:6n~otis in ~~'were avaiIabie from
. ... ' .

• !' •• :'- 't _ .. ' " : - .~ -.... .".

1958to 1-~79 ~essed:,as:'i1gtL.c,Ft()m:I980to 1992,'Uiinary chromimn concentrations

were available ,expresiecpasrt~t -·eteatiriirie'i~iliY. -From i992 to 1998, cbromi~

concentrations appear -'(0 :h8;'~" been\u~alyZ~ 'and reported' as both IlgIL and p.g1g

creatinine.'-,We peiforincxia"~ple'~~s ofthe 1,341~samp1~ data (1992-1998)

to considerwhether 'an':apPrOpnate cOn~~on -factor 'could be derived. Although a
, .

proportionalrelatioiiship Was observed, no consistent conversion factorcouldbe imputed.

The ratio 'of creatinine to"urine ranged'fioin nzs to' 1.68. As a result, we elected to use

the data Inthe 'uDits rePorted,-rathc; iban~~ creatiinn~adj~ values to urine

measurements 'ot :,utiiie' vaiueS-' tti'~e-ad~ ~~ents. Bayer Medical

personnel reported, that the'iwcf rlteasurements were consid~ interchangeable for their
purposes, which :was~to'ttioi1itc;r;tclative :ch~ over tim~ in individual employee

urinary chromium"cbhCeirtrations.' 'We-~sequent1y used measurementS expressed as

p.gIL until 1979 (although it is not known ifthese were adjusted for specific gravity) and

as creatinine-adjusted values from 1980 to 1998.

. . 1''':,- ...- ...'

Urine measurements reported in IlgIL and adjustedfor specificgravitywere availablefor

Uerdingen from 1964to 1995~ ~~ adjustments apparently were not performed on
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samples analyzed at the Uerdingen plant (Dr. med S~-Steiner Haldenstedt,

personalcommunication, October 15,2001).

Bayer medical department personnel. routinely collected. urine .samples from each
: . . "

employee at the two plants during semi~annua1 medical exam~mrtions. After accidents"

spills or other upset conditions, medical protocol spe.cifiedthat addition~urine samples. , ~ , .' , '." ' . ,

were to be collected. As a result, multiple repeated measurements existed for many
, . . ~ .

employees, but these samples were not necessarily identified as satlq)les collected

following upset conditions. To avoid using multiple measures representing upset

conditions, thereby giving "inappropriateweight to these measures, we ,applied a simple .

criterion to identify which urine samples constituted a series of repeated measurements.

We assumed thatmultiple wine samples collected during any 30-day Period indicated

that an accident, spill or upset condition had occurred. To identify,all possible lD:easuIeS

associated with such a situation, we identified the earliest measurement in the series and

evaluated each subsequent measurement until a 3o-day period passed wi~ut a urine ,

sample for the individual. For Leverlrusen, we identified 622 series ,of two to five

measurements. These occurred among a total of 120 individuals, and generated a total of

] 309 samples. For Uerdingen, we identified 64 series of two to ten measures among ~2

individuals, representing a total of 174 samples. The initial urine sample after the

exposure event could not be identified in many instances because only month and-year of

sample were reported, and therefore several results would be associated with the same

reporting date. For each of the series of measures associated with apparent upset
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conditions~ we ehOSt"'>dtily':tn~{lsih~eittgheSt'~'c~ value to~ the

eventin the calculation ofa meanexposure value,arid'cIi~ theren:l~V8i~eS.

3.6.4 CONsTRucnON OFJOB E.xPos11RE MAfti~'(.tEMs) ,;' v- v ,,' . " .: .;' ~,->

A job exposure matnx~,tJEM)'~;de~eiop~~efot'~h 'plant: ~"~ch f8crnty'lWt a

different" array of hoinogen~('ex.Po~'-go~'(table "3)~ Each Cell represented one .

calencJai' Year 8Iidon(h~~po~ihl~·&i· afthe respedfve plant.' Because of the different
. - >~."':,. ;.,.::,~.•... , "", 'J~ ~,~•• , .' -.'.

types ofpersonal exposure cata available from the Gennan and U.S. plants (mine and m

samples; reSPectively)~ the';JFiM~ fot lhe"~~m:plants' were based on urinalysiS results

while thOse fOr the' iLS~ plants' were bUed on,'air m~nitoring results. This difference
--

required comm.eiiSUtation of the measures (des6r:ibtxi below) so that exposure estimates

would be reaSoriably cOinpafuible regardless ofsource ofexpoSure data.

Two types ofJEM.s were totmtmCtea fOr each plant aVera!e exposure concentration and

peak exposure indeX. 'The' two typeS ofmatrices differed according to the method used to

summarize the monitormg Test1lts'data in:each cell. While average concentration is the

., . ) - . . .~..., ~ .
most frequently used' S1unmarymeasure, it can mask true differences between exposure

areas by ignoring' the 'variability cir exposure data obtained within areas. For example,

two areas with identical"avtrage exposure' concentrations may differ drastically with

respect to the range of'exposure vahies recorded in each: one area may have consistently

moderate levels, whereas the 'other niay have generally low levelswith occasional high

level periods (or peaks). ,·'To 'determine whether this occurs, and' if so whether it is

associated with risk, both measures can be applied andresults compared. For the average
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exposure concennation, the g~etricm~ ofall v~ues jn a given cell was. calculated.

For the peak exposure index, the values in each cell were evaluated for the presenceof I
~ . .: F···· , " ~ . ~., .

measurements (air or urine) exccWIiDg a specified (arbitrarily chosen) value, and a peak
. , . ,'.' . ", . " :. ~ :. ,

index score was generated that accounts for the relative frequen~. and magnitude ofpeak
-'. , . . "

i . measurements. In either type of JEM, exposurevalues for individual cohort members

were derived by sunmring the exposure values (concentrations or peak scores)associated
:.' ,.',

with eachw~Bre1iJIyear cell, weigh~by the amount oftimewo~ in that area.

The construction ~f both types. of job exposure matrices involved several steps:

evaluating and removing, ifnecessary, data outliers; ranking exposure areas to determine

the areas of greatest interest (e.g., areas~ore intensively monitored, areas with highest

.exposures); collapsing exposure areas that were not substantially different wi1hrespect to
. ".':.

average exposures, due to very low exposure concentrations; and stabilizing sparse cells
. . '. ....: ':-'"

and filling empty cells.
-;" • > ~.:'

3.6.4« Remove Outliel's

Exposurevaluesthat were so high that they were deemed implausible in the opinion ofan

industrial hygiene expert or plant personnel were removed from the database. Outliers

maybe obtained if the sample collection medium is contaminated withchromium, or as a

result ofa calculation eITor.3 Next, we examinedthe distnDution .ofexposure val~es for

3 There werefive such values: an area air measurement of33,2S0.6 p.g/m3at CoIpus Christi, area air

measurementsof 1915 p.g/m3 and0.0 p.g1m3at Leverkusen, and an area air measurement of1024.92 p.gIm3

and a urine valueof 1660p.g/L at Uerdingen.
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each e~pc;s~ a~:e~(bi ': yea;;::"'"'s~f t:ctiSthi>uttonal" oUtiieis~ "or c)utliers' that· wete

consid~bly' hi~ei'~~" tiieJri~;tiigbesi:'~e;"~ere' ·~bServed. "Th~ 'disth"hUtioiUU',-,
'I ,~. ,.":.' c (' •• ~"'" .~._ .~.;.... , .." ........ " ."n,... ',' ," -r" "..

outliers, howeVer~ were 'cODSlderec(p1aUstoie 'eXpoSUreS' and ihereroreweie'included in .
. z _l:~:-~ ~;. '. ·~t'~f"\'.,,~ :/.:~,;: f'.:'fi'v .1·..·' '.:~ :,,~.;'~' ':. -t ~ r .•-',... .:" ,,! '{. I"" ..p~,

the calculation of sumri:uny expOsure estimates. - ", . -" ,

,:: ' .. ,':" .- .. t.... ~"", ~: ~ ·~.·~II'I~ -., ..~ '._.~"" .. ,i . ~ ,","
3.6.4b RankExposureAreasOvertill

". ;? .. ~.;•. i'~' )-'t-;;' ;'")':' ~.~ :,:; :;. t '; - r '=1, • . ", , • . ,

For each homogenous exposure grouP identified' at each plant, we Calculated an'

arithmetic'mean and a geometric mean based on aU years to identifY the areas over time

that experi~ced th~ lnghe'St'eX~~ on' a~m8e. We then'~ the geometric and

aritbmeti~' ~~ v8I~, sep~~iy, to r8Dk the ~eas from highest to lowest average

exposure, TheS~ ~gs, ~hether based on the geometric mean v8Iues or aritbmetic

mean ~ueS~ '~ere si:;"ii~ f"~r 'ne3rly' au 'of the ~sme~. We fmther used these

averages ov~ ~"~'~o'd~~\~hat ·~ces.'iri ~verage exposure, if any~ could '

be discerned between exposure areas.

Because ourprimary goal in the cmnulative exposure assessment was to communIcate

"typical" values'fu~ 'di~-btrtioDs' thai-~~ skewed, we chose the geometric mean as a

summary measure.

3.6.4c Collapse Exposure Area

Exposure data in each cell (representing calendar year and exposure area) were

summarized using the geometric mean of the samples. Forthe U.S. plants, there were a

number of REGs identified withminima) exposures. When the geometric mean over all
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years was 1 JLglm3 or lower, indicating consistently mi~al exposure, homogenous

exposure groups were collapsed into a single exposure area, designated as "low,"

Collapsing reduced the nwnber of small or empty cells. Eleven of 17 homogenous

exposure groupsmet this criterion and were collapsed intO a single IOVl'exposure area at

CoIpus Christi. At the Castle HaYne'plant, 17' hOIl1ogenous eXposure,groups were

collapsed into a single low exposure area 'For each- U.s. plant"a: total of six exposure

areas re.m.ained.

~: ~

, . ~ .

Because the geometric mean for all exposure areas at the Germanplants was greater than

one JlgIL, an arbitrarily selected cut point for collapsing data, no exposure areas at the

German plants were combined into a single'low exposure area.

3.6.44 Stabilize Sparse CelIs andFillEm~ ceIls for A11e1'ilge Concentration JEM

Even after collapsingexposure areas, sparse cells, containingonly'one or two samples,

and empty cells, remained. We evaluated several methods to fill empty cells and stabilize

sparse cells. These included pooling cells across time periods and exposure groups;

interpolating from adjacent cells with larger numbers of observations; estimating

exposure for unknown jobs or areas based on the ratio of exposures in similar jobs or

exposure areas in another plant; weighting short-term personal monitoring samples, if

available, by time to produce a full shift TW~ and using professional judtpnent 'to

estimate exposure. Based on several factors, but mainly the availability of reasonable

numbers ofexposure measurements across most exposure areas and calendar periods, we
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chose to. fill. ,gapa.:and stabiIize;,exp0~;.:.~es, by;.generatiD&·a' nmning, average.

algorithm•.';
;.. " -

.,-: .

A geometricmeanior: each :c§;lJj~ 1b~~.~ ~~~as follow~..For.the first year
'<t.' . ~ .., .~.

ofeach work area~~·the;,~~~,~~de:d t~. ;t\1~d~.fqJ:theJollowing. year, and a

I

geometricmean was·:eomput~, ·ba.s~ Q~t.tb~-,two years,~f.~ta:-,. For the secon4year and

all subsequent years, data for each exposure arealyear cell were added to the previous

year and the successiveyear, and a geometric mean was computed based on three years

of data, provided that .theprevious y~ .and successive-~ co~~ a ~um.of

three exposure.values;·f For exposure ~ea./year cells .with fewer than,three. exposure

values,the algorithm found then~ cell with at leastthree measurements and summed

all data from these "anchor" cells (i,e., cells with at least three measurements) and all

cells between-to. calculate.· jl..geometric.~ewJ fo~ that exposure.area/year. The rationale

for calculating. the tbree':year..;IDOyip.g~v~ for, ~lrt cell, ~d not, for example, cells

with fewer than·threevalues .only, was based 91?- the small sample size overall. That is,

even cells witll,:greater~than tbree'9bserv~ons·sti1lhad r~vely few samples. This

approach to imputatioD',-filled. sparse -onvacant cells.. based on the nearest years'

information; and effectively'reduced the variability over time, as well as filled gaps and

reduced the reliance ·upon.small. numbers Qf observations occur.ring in.. any exposure

arealyear cell, The proportion ofimputed values ranged :from fewer than 30% (one area

in Leverkusen required DO :imputation) to about 45%, and tended to be greater for earlier

years (except for the Castle Hayne plant, where no industrialhygiene measurements were

recorded in 1993 and 1994) and for areaswith lower averageexposures.
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3.6.4e StilbilizeSparse ~lls imd FmEmJ1fJ1 Ce~for fefl1r: Levels JEM

The peak levels JEM was used to calculate a peak exposure indicator score. We

~

identified all samples that were greater than. or eqUal to 40, flgIL~~ in urine

(German samples) or greater thanor equal to 50 IlWm3 heJalva1~,~um in air (U.S.

plants). We considered these samples to be representative of. peak, expQSUfeS. These

exposures equal, or exceed; the threshold limit value of 0.05 mg/m3 for hexavalent .
, • • I" _

chromium20 and/or are roughly equivalent to a biological exposure index of 30 J.Lglg

creatinine for urinary chromium. We summed all "peak" measurements that occurred

within each cell (exposure area and year) and assigned a rank score based on the~ of

peak measurements for any cell with three or more samples (fable 4)., We assigned rank

scores (2,3,4) based on cut-points that approximated the less than 50", 50th to 90", and

greater than 90" percentiles of the distribution for the sum ofpeak values. Zeroes were

assigned toall years where exposure was measured but, no, peak .measurements were

observed. Because we did not want to assmne that peak exposures did not occur. in years

when exposure was not measured (or in work areas with no measures), we filled empty

Cellsby calculating an average peak level based on the peak level assigned to the anchor

cells (i.e., cells with three or more samples) and inclusive of peak levels for cells with

one or two samples. Consequently, some peale level scores were represeated by

fractional numbers.

so

:.
'I
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3.6.5 COMMENSURATION OFURINARY ANDAIR. DATA

Personal air data were~Ji'~~\f~~'the!~~~ and minisampleS \iiere 'never
, ,

, ~ ,~. "'f',:< ~"I'" .',' j •• " ....... 1 ~ "'~ . \ •• ,". ~ ~ "r \ •

taken at theU.S. 'platits:' BeCalise Urine datawere available overall ye8rsoftbe study for"
>." '.~' :'f ' ....", .'. ..... " ,''''...... .: ~'. . . ... "~', ....'" I , ~.... ~

the Gerinans arid per8on8l air monitoring'data were'available onlyfor more recent years,

we elected 'to"~lwm~n~tn1i~"averilge :8ir' ooIilientratiOrlS' intrs, plants iiJ. terms ofmine '

concentniti'~~ equiv81ents"foFuSe~ tbErJEMs::",We'chosero oonvert'alr data to urinedata

becauseurlD.e -tl8tii W'ere a6imaant'relativeto PerSOnal-air data, and because urine data are '

presumably a better measure of'dose:' "'DOSe 'represents: the' actual amount of toXin
entering the body 'and reaching the target organ (llUlgS), whereas exposurereflects the

amount' ofto'xin present in the environment. This makes the urinary data'appropriate for

epidemiological :tiSSessment of the relationship between an·indicator of dose and the

OCC01TenceofiUng~cer. . '"

• • "". ,0 ~

I, ;

:'.' r.:

After reviewing'the' pUbliSheCi'inedical:literature on Urinalysis and air monitoring data,

including alternatives fot sfiuidaidizing minalyses using specific gravity or creatinine

adjustments, we'cOnducted- eXtensive' statistical analyses on the data available from the

two Bayer facilities' foftbt' years wh~ both air andmine samples were collected. The

statistical analyses 1ncluded crude comparisons of all urine samples and all air samples

for years in which both existed '(Table 5). In addition, ratios of urine measurements to

personal air measurements were calculated by exposure area and year, but these ratios

provedunstableQue to very smallnumbers of personal air samples. Additional analyses

compared air and urine samples for study subjects matching on same month and year
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(n=25 for Leverkusen and n=Ofor Uerdingen). Aconsistent 1,e1ationsbip between air and

urinedid Dotemerge from these analyses. ' -, " . .

Our search for an alternative to an empirically derived conversion factor: resulted in an .

exposure equivalent for carcinogenic substances (EKA) published by; the DeutscPe

Forscb1:lngsgemeinschaft.:'" This &ctorwas used to convert airdata·for.the U.S. plants to

urinary equivalents (Table 6)~ Although, the·EKA is based, on data from at least one of

the GeIman plants in the current study, we considered this conversion factor a reasonable

alternative because it is the only one available in the literature that pertains to chronic

exposure scenarios. This conversion factor (0.77) was slightly smaller than the overall

ratio of urine data to air data that we calculated for each plant (0.92 for Uerdingen and

0.85 for Levedmsen). illtimate1y we chose to use this published value rather than our

own derived value(s) mainly because the agreement, or correlation between the air and,

urinary values in our data. was very poor, and the estimates we derived were no~ very·

different from this published value. Clearly, much more work is needed to clarify the

relationship between air and urinary measures of chromium.. lbis relationship is, and

will remain, an important issue, as the American Conference ofGovernmental Industrial

Hygienists (ACGIH) in the United States recently published its intention to establish a

biological exposure index (BEl) for urinary chromium.

3.6.6 EsTIMATION OF LEvEL OFExPosURE .

Exposure estimates for each employee were calculated by linking individual job history

infonnation to the exposure summary measurement in the job exposure matrices. The
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use ofJBMsasSumes~thaf each'elilployee..-working 41 a-specific exposure,area (based.on 

REGs) at any time dming a givenyearwas similarlyexposed.at thelev-elestimated-in the ;-

respective cell in the JEM. Due-to limitations in 1heavailable exposure data, however,

individual varl8bility-¢ailD.ot:vaHd1)I'bedocumented. 'Therefore-t ,employees with thesame

employment bistary.<wilt'·nj"ilefiDition have'··tbe $81nEr'eStinlated exposure, 8lthough. it is

likely that tlieir 'actu8I eiposure:differed'dueto·mdiViduaI work practices,'Pr0ximity to

process emisSions;aita~ iJiUptake and 'metabo~ On tbe:otherhand, use of

the JEM allows the estirilation of iIidividuale~sureestimates based on the averages

contained in' the .JEM,.and providesa reasonable quiultitative basis for .contrasting risk

across di:fferent employment histoiies~ -Quantitative exposure estimates were derived

using cumulative concentration as well as cumulative peak exposure scores.

" ,
.. t .....

3.7 Vital StatUs aiid,Caus&ofDeath Ascettaimnent·

Vital status was'"deterrilined' from'medical and/or personnel records, or from the local

population registry. 'r.. 'In" the . United States, cause -of death information, although,

confidential, is relatively easy.to obtain·Jor bona fide research purposes. Jncontrast,

cause of death information is very difficultto obtain in Germany, and therefore available

data from several sourcesmust be piecedtogether. Data sources for determining cause of

death among the German subcohort included death certificates provided to plants to

detennine whether cause of death was work-relatea; letters from community health

departments to plant,physicians indicating causes of death as listed on the death

certificate; clinical reports from treating physicians and hospitals where the death .
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occurred; autopsy reports; clinical reports and letters from the ~ting physician, that

included diagnosis and medical history and that were <Wed earlier than the date ofdeath;

and medical certificates, sometimes including histology and pathology results. Because

ofthe difficulties in obtaining cause ofdeathinf~onin Geq'nany, a specific cause of

death.could not be determined for 14 ofthe decedents. 4

Cause ofdeath. information was obtained from death certificateswhen possible, or best. . ....

available information when a death certificate was not available. Professional nosologists

coded cause of death., regardless of the source or year ofd~ according to the nin1h

revision ofthe International Classification ofDiseases (lCD-9).

3.7.2 U.S. PLANTS

Data sources from each company were used initially to determine vital status,for, as many

cohort members as possible. These sources included lists of individuals known to have

died since the previous studies, as well as rosters of cohort members, (active or retired)

known to be alive.

For the U.S. plants subcohort, searches ofthe National Death Index (NDI) and the Social

Security Administration's (SSA) Vital Status Service database were also conducted to

identify decedents. The latter search also provided the unique feature of identifying

cohort members believed to be living, based on several SSA data sources. We obtained

4 The investigators received additi.~ causeof deathdatamorethan one yearafter therequestto the

German officials was filed, butafterthestudy database was closed for,statistical analysis.
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cause of'deilli ilit'OIirfaiioff '1iisri11h~~'NDI~pl~ 'for' deaths'that' occurred 'between the

establisliiIiellt"'otth~ 'NMi6hid'rleath:"iria~:iii'tirethrltedstateS in
l 1'9'79' 8ndth~ most' ,

recent~ for wliicl1~~thiaata\veri"aV8ilabl~"199'8.' Wcddexitifled deatlis' prlot to 1979

from p1atIt' recOfdS" and =-fr6ffi:,'the' SoCiiU'§eciliity 'ctatab$e 8earcli, aild' ~btained 'death

certificates for these deaths directly from the' stat~}offiCeS .of Vital statistics where the

deaths occurred. Cause of death was coded according to the 9th revision of the

InternatiOnal'Cl~~b1i' of~~. 'i.. , ,.. " " , " -, •• r , 1 '

"! •

3.8 StatistieaI AWi.JjsiS' ',' , ' " ~,

3.8.1 STANDARDIZED MORTAurYRAno:(SMR) ANALYSES

Person-years at risk began accruing one year after the date offirst exposure to chromium.

The earliest date for person-years to begin accruing was one year after the following

process clumgeov~a";dates: :)~:uary 't, t958' 'roiteverkusen; Janumy 1, 1964 for'

UerdingeD:( Septemb'er '34,':i'911'fci: "Castle':Hayne; and OCtober 15, 1979 for CoIp1Js

Christi. 'Persoil~yem.swere'~ed for all cohort members until date ofdeath or until the '

end ofthe study follow-up period, December 31 t 1998. Person-years were censored as of

the date last known to be alive for'those who were lost to follow-up.

'f;' I. :. l ~

Standardized mortalityratio (SMR) analyses were performed for all categories ofdeath

combined and for all specific categories for which at least two deathswere observed or

for which at least two deaths were expected. SMRs compare of the number of deaths 

actuallyobservedin the cohortto the numberofdeaths expected in the cohort ifmortality

rates from some general "reference" population were applied. To derive the expected
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number of deathS for any age-, sex-, and rBee-sPecmc group~ the aPpiopriate reference

rate is multiplied by the nUmber of person-years at risk cbservedin the corresponding

category for the cohort.

More detailed analyseS were ConductedinCorporating a number ofoccupational variables,

such as duration of employm~ time since first' exposure,' eumulative exposure, and

peak exposure indicator score. lii addition, SMR an8Iyses were conducted in which

exposures were lagged in a time-dependent manner by to years and 20 years. Lagging of

exposure is an analytic technique for which each person-year at risk is evaluated at the

exposure level associated with some earlier time period, in this case 10 and 20 years

earlier. In effect, this method is a latency analysis that discounts the most recent years of

exposure prior to death on the basis that they are not relevant to develoPment of the

cancer of interest, which is likely already to have been' initiated by the time of 1hese
, '

exposures. Because different diseases have different minimum 'latency periods, this'

method is disease-specific. For lung cancer, one generally expects that a niiDimum of 10 _

or 20 years from initial exposure is necessary for the tmderlying cancer to manifest,

though actua1latency maybe as long as 30 to 40 years.

3.8.1a Reference Rates

Reference rates by specific cause of'death for each country and state were obtained from

public sources. We obtained mortality rates for 92 causes of death from the National

Institute ofOccupational Safety and Health (NIOSH) for the states ofNortb Carolina and

Texas. We obtained mortality counts by specific cause of death and population counts
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for the entire9~~~~1!C?9.8!f~~~}~~.ra~..r0r.6? ~us~.of~~:fori"""

all ~..~~~J9~.~,~,l:~~:., ~~l~":t·.~..~~~.; in~yi~. ~ of '.~. . . - . .~ .

information and death certificates are difficult to obtain in Germany, grolIp:-Ievel data
,I :,' (, ...

such as 'cause-specific mortality rates are publicly available. We calculated mortality

rates in 5-~.~,:...H~r~?,,.2q-2t!ll~~p., !~,),~~ .~~ ~~~s (19S~1959, 1?60

1964, ~9~S~9., ~c) .tQ ~qes~ as closely, ~. po~iOle with~OSHmortality rates. In
~~ •. ~', '''' -'. ~ i ' •• ' ",~_ • .r _ .' I. ':. I, ".

additio~,we ob~D!~ty..;~~l?9P~0D.: C9~f:S for lung cancer, all cancers and all

causes combined fo(1'Torth ~e,-W~ha1iaJor.~ ~~~eep. 19~79 ~ 19~8~

calculated tp~rtality rates as described.above.: Alth~ugb we ~b~ed.other mortality

counts .for.. North. ~e-W~haIi~ these co1.1l;US were r,eadilY available.for broader

categories.of~~th than the .~PSH ca~gori~ and only for the years since 1979. In

addition, .th~ countswereavailable ~~ 1()..,earage ~als only. For the entire German

population, we used mortality rates for .theyears 1968 and 1969 combined for mortality
.- \.. • ~ - _ I. ..... __ ,

rates for the. earli;est,cal~~)nt~ .(19~5-19S9, 1960-1964, 1965-1969). For the. .:..' - - . -. ' ~ ~ . '. ,. -. ...

North Rhine-W~tphaJiare(ereptpow!ation, we used the mortality rates for 1980 to 1984
• .it t , " ~ _, , '.' •

and applied them to a1learli~.~ve-y~ calendar intervals.. . - ~ . , .' . . . . .

:. l -:

All mortality rates from Gennanywerebased on thethree-digitrubric ofthe international

classification of diseases (ICD). Because some categoriesofdeath used in NIOSH rates

were based on th~.four~gi~:~bri.c: of.th~ lCD, we constructed German categories that

were as concordant as...possible .with the NIOSH categories; however, some small
, ',. '.

differences remain (seeAppendix)"
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All SMR analyses were conducted using ProSMR (SoftWhere, InC., Goshea,
, ."..

Massachusetts and Applied Epidemiology, Inc., Amherst, Massachusetts). ProSMR

incorporates reference rate data from multiple locations simultaneously, weighting each

person-year observed with the appropriate reference tate by location, gender, age, race
. .

and calendar year. The results obtained with regional reference rates were contrasted

with those obtainedwith nationalrefeIence rates to determineto what extent the observed

results were sensitive to choice of reference rates. Regional rates often provide the best

comparison, especially for causes ofdeath with strong geographical variability.

3.8.2 MULTIVARIABLE ANALYSES

Multivariable regression analyses represent powerful statistical tools for examining

complex relationships. Advantages of multivariable analyses include the possibility of

examining the simultaneous contributions ofmultiple predictorvariables to an outcome

of interest. Unlike SMR analyses, multivariable analyses draw comparisons among

subgroups of the study population, such as groups defined by category of cumulative

exposure, without invoking a population-based referent. While these analytical

techniques benefit from an efficiencyoffitting mathematicalmodels to the data, they are

also sensitive to small sample sizes and especially small nwnbers ofoutcomes (i.e., lung

cancer deaths).

With this analysis in mind, several logisticregression models were developed to evaluate

lung cancer risk associated with chromium exposure. Logistic regression was used to

derive estimates of relative risk (i.e., odds ratios) of intermediate and high levels of
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.. ., ,'I;~.. a ~,; .. ~r.·:f1'.t····~··:·1,. :_j~·,l,.",~', I I~.:.~,· .;. ~~I'~ :~.h' :. , ." .

exposure, relative to low exposure, adjusting forthepotential"effects ofageand smoking.
" '., ~~~1 ·;:l,t~~ ..t-~-:'~· f;J~·ll. .:':..:..~:~,.:. ~ >~~~...... '" ~""': ~ . ... . "

Thebest available data on smoking for each cohort meinber were evaluated to detennine
.'.' ~:~;:< :,: l:-{t"~"":'~':"'3:~~r .r ~.~ ....:\':;..~ -, ~ .~:; ~.: .: . ~ ,. .. ,~.

whether the cohort member ever smoked or never smoked.
. ,

Analyses were also
• ~: '. t ~~.,;,_ ..' ~~1- ~.: ~. \:'~ ~ ~ .. : .~ , .,~"..;~ : ::'..' ..~ f"l' -~:.: .r r , . '; . :i, . ','

conducted in which the last 10 years of exposure was truncated, as a means of

approximating analyses taking into account aten-year latency. These analyses were
'. ': .. "10: ... ·>1 v.: ::.:~.(~ ......:: -~-:.. ,...... , '''~<:''~:'~_>~J, .

conducted using Stata.47
. ,.

. :

, .
. '
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RESULTS

. ~ .. :': .. ' '<

4.1 Description ofCohort

The total study cohort numbered 1,518 employees, after excluding",1.73" sh~r:t-tem1

employees identified as having less than one year employment, and ~9~ ,~loyees

identified as having worked previously in plants using high lime, Processes. , An

additional 166 were excluded from the Uerdingen subcohort because th~~ a history

ofemployment in otherplants,with possible Cr{VI) exposure. Only three potential cohort

members wereexcluded due to missing key data (date ofbirth or date ofhire) (Table 7). '

Several differences among the subcohorts were documented, and these differences tended

to align according to country: ,the members of the two German subcohorts were different

on several indicators from those ofthe two 'U.S. subcohorts. For: example, although the

overall cohort was predominantly male (94%), all German cohort members were men,

and the percentageof female employees at the U.S. plants was 12% at Castle Hayne and

25% at Corpus Christi (Table 8). The German cohorts almost completely consisted of

employees of German nationality; however, we could not completely verify t1le

nationality of all cohort members in the Leverkusen subcobort. In the U.S. subcoborts,

approximately 17% of Castle Hayne employees were black and approximately 37% of

Corpus Christi workers were Hispanic.

The employees from the German subcohorts also were older than those from the U.S.

subcohorts; approximately half of the cohort members of the Getman plants were born
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before 1940. For the U.S. plants, 16% of the cohortmembers were born before 1940,at ,

CastleHayne and only2% werebom before 1940at CorpusChristi (Table 8).

Overall, 57% of the'cohOrt~ed thattbty.were current 'or former smokers,: but the

proportion of:ever ~d neversmokers\varied ,oy,subcohort Although the proportion ,pf

ever smo1cerswas SiiirlIar"f6t'UVeiiciisen;U~ and Castle Hayne, the two German

plants had 'the bighe8t(pr(walence;' Smokingstatus 'was not known for 9% of the cohort.

The proportionofemployeeswhose smokingstatuswas unknownwas highest at ColpUS

Although the German'sUbcohorts were older on average than' the u.s. subcohorts, the

averageduration ofexposure-was'similaracross all plants,ranging- from,about eight years

at the Corpus'ChriSti plaitfto 12:yeats-at the Castle Hayneplant (Table9). Average time,

since first exPOsUre was only 1oyears, for CorpusChristi, but substantiallylonger for the

other snbcohorts; '16 years'for Levetkusen, 19 years for Uerdingen, and 20 years for

Castle Hayne. Age at fitSt 'exposure was also greatest for the Oennan plants, roughly 38

years old, versus 29'arid31 years'old for the CastleHayne and Cmpus Christi subcohorts,

respectively.

'I ' I ..

I I' '

4.2 Exposure Assessment

Plant-wide indicatorsofchromium- exposure (indicatedby geometricmean urinaty values

for the Gennan plants' arid geometricmean air concentrations fur the U.S. plants) varied

substantially by location and time period. Although aggregate measures of exposure
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depend on the proportion of samples included :from different areas with high or low
, ", • "'. ,< ';" " ..

levels, they do provide a general basis for comparison. In general, exposures appeared to I

be higher in earlier years ofoperation, with general reductions over time. Exposures in

the German plants were consistently higher than ih the U.S. plants, where ayerage

exposures were extremely low (Figures 1 - 5).
". ';

Mean urinary chromium values decreased over the yeats of the study for Uerc1ingen
" . ' ,. ~ .. ":..' . .

(Figure 1) and Leverlrusen (Figure 2). Thus, the urinarychr~um values were highest

in the earliest years ofthe study. Leverkusen experienced a spike in average urine values

in 1968. Average urine values at theUerdingen plant peaked in ~966.

Average personal air concenirations of hexavalent chromium remained well below 1.5

p.glm3 for most years at both Corpus Christi (Figure 3) and Castle Hayne (Figure 4). Due
, " • R ..' ~

to the introduction of a chromic acid compacting process that was later disco~uedat
'. , ~ ~, ., . . . ~

CoIpUS Christi, average personal air concentrations of hexavalent chromium more than
. . , .

doubled in 1994 and 1995, compared "to earlier years at the plant There were several
~ . _.... .

years during the 1980's when exposure data. were not collected at the Corpus Christi
• • > .",' •

plant. The highest personal air concentrations at the Castle Hayne plant were measured

in 1990 and 1992. In contrast, average personal air concentrations were higher at

LeverkUsen and Uerdingen for.mostyears (Figure 5).

At Uerd.ingen, the three exposure groups with the highest average urine values over all

years were Saturation (Figure 6), ADClKDC production (Figure 7) and Shipping {Figure
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8). the .·exPoSiirt;group-·~til? tb:~"lo~~i ~ver;.:ge 'urlne' 'val~es '~ve.r:ail years was
. '. ~ ••'. .~, ....... ,. ,t<: ;.t':,:u; '... ' -t'·4~~" t'.' . " . 1"1> ,: ~ ~ ',"';

ElectiiCians-{pigure~)",~'.. ,..a , " .."'; -" •• ,'. •..... ,.

. ~ -" ", .. ;~ ~ l ,: . .'. _ .. . :~

Emplo~' ~igried t6'K'rin f(F{~';loi ~ ~~icuS~'PiOd~~"ihe highest'~e

values, followed by Maintenance Workers & Foreiri~ (Fi~ei1)~ sulfate SeParation

and Drying (Figure 12). Very high urinalysis results recorded among Kiln 1 employees
.... "\, :...... ~..: .>: ;... .: .. ::1; ..-' t, .... ;. ,'. :' ... :~, ;. ";0• .:: -, '... ~ •

and Maintenance Workers and Foremen in 1968 probablyinfluenced the spike seen in the
• ......, z , .:. ~. ~ . ". : '. " _ 1 '.. -l, ..

plant wide mean value that year. The lowest exposure group was Lab Technicians

(Figure '13), 'although Urine ~ples ·w~· not Coii~ dUring the 1960ts ~d early

1970's and were based-on~ple.~ ~ffeWei-than 3 for 1959-1961 and 1974.

The work areas with the hi~eSt ~'Verage personal an- sampling values at COIpUS Christi
/ • ',. .6, '. , ... ~¥ 1 .' '.. ,. :" .. 'l..~

(Figures 14 to 16)' and 'CastleIUyne (FigUres is to 20) were generally below 10 J!gIm3

for most years, S~nie~ 'did ~'iJigh~: air·concentrations, most notably Shipping

(Figure' 14) at Co~:christi 'd~' I994 and 1995~ when exposures were high' plant

wide. Data for'the DeS'KiInw~ area (Figme is) at Corpus Christi are available ~ce

1987, when the DCS>Kiln WaS ~~on~. The-combined low exposure areas were

below 1 J-Lglm3'over'ali 'years at~ Christi (Figure 17) and most years at Castle

Hayne (Figure 2J).

4.3 Mortality Analysis

Vital status was successfully determined for 98% ofthe total cohort (Table 10). Follow

up was most complete for Corpus Christi, Castle Hayne and Uerdingen. Vital status
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could not be determined for approximately 5% of the, Leverkusen subcohort. Through

December 31, 1998, the cohort accrued 24,589 person-yeers, duringwhich:a total of 157

deaths (10% of the cohort) were identified. Specific cause of death 'Could' not De

determined for 14 decedents (9% ofall deaths); all Germanemployees. A1!. expected due

to the older average age, a higher percentage' of employees of the Gennan plants were

deceased (12% for Uerdingen and' 16% for Leverkusen; respectively) than at the

American plants (5% for Castle Hayne and 3% for Corpus Christi).

Mortality from all causes combined was 6% lower than the referent populations (T~

and North Carolina mortality rates for the Cotpus Christi and Castle Hayne subcohorts,

respectively, and German mortality rates for Uerdingen and Leverkusen) (Table 11).

Mortality from all heart disease was 200A lower than the referent population, and

ischemic heart disease mortality exhibited a considerable deficit of 37% (SMR=O.63;'

95% Cl: 0.40-0.95). Mortality from cerebrovascular disease 'was similar to that

experienced by state and German populations.

Mortality from all cancers combined showed a slight excess of 15% (Table 11).

However, this increase was mainly due to an excess ofmortality from trachea, bronchus

and lung cancer (SMR=1.66; 95% CI: 1.08-2.46), based on 25 deaths (15 expected).

SMRs for all causes combined, all cancers, all respiratory cancers as well as trachea, lung

and bronchus cancers specifically were also computed using North Rhine-Westphalia

mortality rates for the German subcohorts (fable 12). Mortality from all causes
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combined was'l2% J~w:~;for,'$he~(~7':"0-~8)." Moz:taljtxft'onql1~ ~cers }V~. S%

higher (S~~l.Q,~)~,at}4.·Jungljq@ll,~~t¥,;was 37% .~gh~. (SMR~1.37).. rhese ....... , ... . - ... "", .... -'. . .

differences in th~$.~,:~~.~t~~~ tbat.n.1C;>rt:ality ~;~or.Iung ~cer. are .

higher in,No~~:W~~.~ j~:.~y ~J~ .w~ole.,. B~~ we W:~.

primarilyin~tn;wJtetlt~'Coh~t't~eJ:P:~~~~gr~ risks of lung cancers.

than in the genQ'a,1·poPtllati9~·regardI~·of:I:~onal.v:ariabilityiII backgro~ risk,·~e

used North Rhine-Westphalia, ,T.~x,aJan(11'TortJt~1.~,~ in all. sub,sequent stIatified

SMRanalyses.

~.; . , " . ," . ,.'. .

As qualitative indicators of-exposure,d~on-ofexposure (defined as time employed in

a job with potential f9t:.ex]josure), time since.first exposure and age at firste~ewere

evaluated. sep8l1ltely as pr<;dj.cto~.of lung cancer mortality. .Although SMRs for lung

cancer were lowestmp.ong·tht!;grmlP ~th 14e.$o~. d~on-of expoSUre and ~ghest

among the ~:up wi!bJongQSt,~on,qf~~ there..was no consistent trend:. the

SMRs were 0.77, 1.91, 1.18 and 2.38, respectively (T.ab1ti 13). Mortality frOm. hmg

cancer showed no pattern with. time since first exposure: the excess was greatest among

those with 1 to.9 years since first exPQSlo1f!' (SMR=I.72) and those with 20 to 29 years

since first expos~ (S~'7l;60)....Sjmilarly, no clear trend with age at first exposure

could be discerned; J:lowever~,~o.st'observed and expected cases occurred in the stratum

ofthose 3S years or older at first exposure; and results were imprecise due to the loss of

statistical precision associatedwithvery small numbers in each stratmn.
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The SMR analyses stratified by levels ,of the ~ti~y<; exposure measures generated ..
;-

slightly more precise estimates. A two-fold increase in lung cancer mortality was seen
• ,', • •• c' '~ .: _~

for employees with a cumulative exposure of 200 llw'L:-years, Cr(VI) or more

I

(SMR=2.09; 95% CI: 1.08-3.65), based on 12,observe4 and ,5.'1 expected (Table 14). For. . . , ,

exposures less than 200 JlglL-years Cr(VI), however, there was no apparent increase in

risk for any specific category or combined categories (total ,of 13 observed and 12.5

expected).

The analysis of peak exposure score showed an increase in SMRs for the two highest

categories ofpeak exposure score: the SMRs were 1.59 (95% CI: 0.84-2.71) fi?rsco~

of 5 to 23.9 and SMR. =1.97 (~5% CI: 0.94-3.62) for scores of24 or more (Table 14).

Only one observed death wasincluded in the two lowest peak exposure categories, when
, '

about 3.8 were expected. This suggests that th~e employed in. work areas unlikely to

experience peak exposures were not at any increased risk ofllmg cancer.

A second analysis of peak exposure scores demonstrated anmcreased risk for the

category with the highest score (SMR=1.84; 95% CI: 1.12..,.2.84) and no increases among

categories with lower scores. The two lowest categories again had only one observed

llmg cancer death with only 2.4 expected under this classification scheme. For the three

lowest peak score categories, however, four lung cancer deaths were observed ~th 6.4

expected.
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" .." I

A lagged;iuial~"j5f'~~~i~~\i6~ea that'tlie 'lUng cancer SMR did'not' , ..

ina-ease'~h~"~ilir~ ~'f~&i;lo ~~, b~ '~tftd '2.74 (9S~'0: '0.7$::.1.(3) ilfthe
ll'.... .. ,., .. t. ... "

bighest'cxPostire:kroup Jlidi e:iPO~\vaS'~:20 years (taDle IS). :On the other

hand, with tn~~~rJlt~bW~oi'~~t~~'fb:~'h~lier6i'6b~dd 'aeailiSd~~ from .
12, with 1i(;i~~i)f~PoS{tt(~s/io~8":fu .!kiespBcn.Jei~; sResttitS were~~ across lag ,

mtervals;~ mdicilteli 'hi ~inf"~eS"'t1iat' fe'll iMtbiTi tne' 95%' Confidence mtetva1s.

The imprecise estimates for the higher exposure categories, as indicated by wider

confidence intervals, demonstrates thatvery few study subjects had opportunity to accrue

exposure' 'fOr 20 'yeats' '~or ':more before: the end of the· stUdy." Other' categories of

cumuhit:iVe;~osurewere Similar reFeness ofiagging period, '

... r , ;' • ~ ", • ." .. ~ •

The lagged anai,sis'of peak: exposure'sCore showed fucreasing 8MRs for lung cancer

mortality for-those With Pe8k sCOres of5 it> 23~9, and the greatest excess was seen with

the 20-years lag (SMR.=2:O§;' 9$OAi CI:t 0:84.4.30) (Table 15). 'For the highest peak

exposure score category, 8MRs increased slightly when exposure was lagged by 10

years, but feil offdue'to'ia'lack ofoOserVed and expecteddeat'h$ (1 and 0.8, respectively)

when expoSure Wis laggettoy2Ciyeats~

,I :: • \! ~ : - ·.I~ '... • .'. Jo.' ':

4.5 Logistic Regressiou>ADalysk

Becausethere were no lung- cancer deaths among women, we did not include gender in

any logistic regression analyses. A preliminary evaluation of the combined relationship

ofcumulativechromium exposure andpeak exposurescore was restrictedto 1472cohort

members for whom a peak exposure indicator score could be assigned. Among this
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~p, 24 lung cancer deaths, occurred. Cumulative.exposure end peak exposure

·~or score were highly correlated (Table 16 and Figure 22) and low values for both

. sures predominated. Cumulative exposure and peak exposure showed a similar

:elation among the lung cancer deaths (Figure 22), although, the deaths are not

vcentrated among the low exposure levels. We combined the two .measures into a '

:lDl8IY exposuremeasure as fonows: low exposure, ifpeak exposure indicator score

.,:; than 1 and cumulative exposure less than 40 pgIL-years; intermediate exposure, if

" k exposure indicator score is at least I and less than 24 and eumulgtive exposure is at

.,;1: 40 and less than 200 pgIL-years; and high exposure, if peak exposure indicator

. re is 24 or greater and cumulative exposure is 200 J.1g1L-years or greater.

, fhe analysis, the high exposure group experienced increased odds of lung cancer death

'dive to the low exposure ,group (OR=42.5; 95% CI: 5.4 - 337.1). The wide

rlidence interval reflects the imprecision due to the small numbers of events (I, '13,

1. lOin the low, intermediate and high exposure groups, respectively). Due to one lung

. ':cer death in the referent group (the lowest summary exposure category), results of the

.: iitional analyses are too imprecise and therefore are not presented.

. tead, we conducted logistic regression analyses based on cmnulative exposure alone:

, '. exposure, if cumulative exposure less than 40 pgIL-years; intermediate exposure, if

'osure is at least 40 and less than 200 p.WL-years; and high exposure, if cumulative

osure is 200 f.lgIL-years or greater. In the crude analysis, the intermediate and the

1 exposure grouphad increased odds oflung cancerdeath relative to the low exposure
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group (OR<::4.9: 9S%~ CI~ ~1.S ''':':;16]1' atidrORi:l:20.2; 95%~··CI:·6.2 i: 65.4~· ~vely)

(Table 17). Becai$e;th~el~ere n(;'deat1lS·atrlongth~ fiist exposed before 2Syears and :

only one death 'amottg)tliose"''firsfexph8ed befweeli:25·a.nd· 34 years, further age-related·

analysis was Possibl~' fot'~onljttb~Se·35 years or older·'at ·the..time:'of'fiIst~mqjosure'·

(OR=lO~2; '95% CI:·~;1:"":31;1'1hr'1Uglfexposure relative·tc:flolvexposure).

Among smokers; the;nsJ{'6fltmg cancerd~ 'was'elevated amongthe intermediate and

high exposure gtoUps·rel~tive"to·low-exposUre'(OR:b5.3;;95%CI: 1.4 - 19.7 and

OR=18.7; 95% CI: 5.0·~·70.6). Although odds ratios'for the high expOsure group were

both attenuated among the ·oldest age group' and smokers, they remained' substantially

greater thanone, suggesting a possible independent role ofhigh chromium exposureon

lung cancer death.··

.' ~'
~l '" ~ .... _ ... - ... ~ I

Because recent <;hro~um;;ex.po~e.may,no~ be biologically relevantto the development.

of lung canceri"W~ conducted, an:~y$is ~ truncated cumu1ati~ exposure 10 years

prior to the end.of fonow-up foJ":each cohort member•.The crude odds ratios 'showed

increased odds of lung cancer .death among the intennediate exposure group (OR=7.0;

95% CI: 2.1 - 22.9) and the high exposure group (OR=.J6.1; 95 %CI: 4.6 - 55.8), relative

to the low exposure-group (Table ..l7). Among smokers, intermediate cumulative

exposure and high cumula#ve,expoS1:U'C wereeach associated with inereesedrisk oflung

cancer death (OR=7.0; 95% 1.8,-::26.8: and OR=16.9; 95% CI: 4.3 - 66.9, respectively). .~ \ ~

relativeto the low exposure group. Riskwas increased for the oldest category ofage at
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:first exposure for the intermediate exposure group (OR=4.1,.,9~%,CI: 1.1 -15.5) and for
.' , .

the high exposure group (OR=9.5; 95% CI: 2..4-37.6).

A logistic regression model was. fitted for 1,37.8 ~hoIt m~ers ~o had complete data. ", -. . ,:

on smoking (Table 18). Controlling fQX: age 3~ Yem:s ~ older at first, exposm:e and ever
• " • ,,' '-, .,' I •

smoker~_tbe odds of lung cancer death were considerably elevat~ among the .high. '. '.' ' . '.

exposure grouprelative to low exposure group (OR=8.0; 9~% CI: 2.4 - 27.1).
, ... ~ , : \ " . .... .

r- : ~ t~

,.
'r ~I. ""~

.~.. \
.-....,l.;~

...."... c

':: .

,A second logistic regression modelwas fitted for cumulative exposure among 1,273 '<'',:If

cohort members who were first exposed at least 10 years b~~ore the end of follow-up. .:"')?

Intermediate and high cmnulative exposure, adj~ for 35 years or older age at first

exposure and smoking, were each associated with an increased risk of lung cancer

(OR=3.4; 95% CI: 1.0-11.6 and OR=7.7; 95% CI: 2.1-27.6, respectively).
• " "l .' .' '., '. ,

. .' .

We also performed a hierarchical analysis to investigate the possibility ofan indepenaent

risk associated with a peak exposure. For this analysis, we restricted the cohort to the.

German population for the following reasons: 1) 22 of the 25 lung cancer deaths

occurred among the German population; 2) cumulative exposures were highest at the

German plants (Figure 23); and 3) unique to the Gennan population, individual urinary

data were available to assess the occurrence of a peak exposure. For this analysis, a

it t1=

1', .~'

.r:

chromium-in-urine sample of~40 J1gIL (arbitrarily selected) indicated an occurrence ofa , '. '

peak exposure. Peak exposure was then parameterized as a dichotomous variable: ever
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• _ " . ; ''"'''';"\ P. t I I ~ ~ T

peak exposure veisus:'neverpeaJt~,'With 'i~ slibJectS:Witii'itt1eaSt one urinalySis

result suggestinga peak exposure.
',,' ."" ' .. . ".

In the emd~'~~~ ~ ni@~l;th~n~cltiaei~Ce'ofbrie 'orm~e'peatc'e~ in

addition~ ~hJatit~~~ did~:lii,t iridIeate~' acimti<>nal'HSk'of death bejrOnd the

model th8tfit ~~~~~-'expb~'afo~~'(Olt=7.6; 95% CI: 2.9':": 19.7). Rather, the riSk
. ~ -= :.: ......~". ~. ~";",,:~..i.';; ,~,'- ,,', . ...... 'J',

attn'buted to cumulative expos1ife was reduced midaftr.I'buted to 'the peak exposure term

(peak exposure OR=2.2; 95% CI: 0.7 -7.6, cumulativeexposure OR== 4.9; 95% CI: 1.6-
J { _:.~... • • • •• • - • - ,.'

15~0),suggesting that these measuresare highly'co.tTe1ated. In the8nalysis controlling' for "

smokinghi~'(ev~), the result was similar. Aistated previously,controllingfor age at

first exposure was 'not'prissible becaUSe al11~g ~cer deaths occurred among those 35
. " ., .

yeatS or older at first' expOsure. The models presented in Table 19 show that high
, • ,: 'j- ; < ;.' ... ~< ~.. .; ~:' • , , •

cumulative exposure is associated'withmcreased risk of lung cancer death among the

German subcohorts and the risk is unchanged after controlling for smoking (OR=6.7;
'.. ~ ~ J'- • '-.~",

95% CI: 2.5 - 11.9). "
..... \

','

71

IHF29092



MULn-PLANTCHROMATECOHORT MORTAU1YSTUDY

DISCUSSION

Few studies have been' conducted on employees who have worked in the.manufa~ of

chromium chemicals using low-lime or no-Iime processes and with enhanced.industrial

hygiene controls. This study updated vital status through.December 31" 1998.for 1,518

employees who worked for at least one year at one .of four chromium. chemical

manufacturing facilities located in Gennany and the United.States, The study cohort is

restricted to employees who 'have no prior experience working in a high lime process;
.

three of the facilities had converted from a high-lime to a no-lime process and one was

built to use the low-lime process. This restriction resulted in greatlyreduced numbers, .

increasing the need to aggregate employees from several facilities to achieve adequate

statistical power to address the main research questions. All four plants hadbeen studied

previously, but each oftbese studies included employees exposed to high lime processes,.

and each were limited by an' inadequate follow-up period, that did not allow for a

sufficiently long latency interval for lung cancer. Although the follow-up for the current

study is substantially longer and has adequate latency to detect work-related cancers, the

risk period may continue beyond the study period. For~ study, mean time since.first

exposure was less than 20 years, and the average latency for lung cancer may be greater

than 20 years.48

Cause ofdeath was determined for 143 cohort members (91% ofthe decedents) who died

since January 1, 1958 (Leverkusen), January 1, 1964 (Uerdingen), January 1, 1971

(Castle Hayne) or October 1,1980 (Corpus Christi). In the United States, cause ofdeath
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infonnation is readily available for legitimate research purposes, and officially:co4ed

cause ofdeath information is available electronically from the National Center for Health

Statistics, National :oea:tti~d&C(NDI):on iall. deaths beginning in 1979... Because·of the

NDl and ;:otlid·nitioiial,seafch'tddlS' aVailable?for:ti'acking study cOh<>rt..m.embers, "vital

status of all but:oil€tiJidiVidliil:-'\Vas,~eenamed,;-aD.dffoi8ll:identified decedents cause of

death couldbe deterfufnett"ID:cit~tiaSt, causeof-death'information is difficultto obtain in

Gennany 'dile"to "11iWs' s;;Verely: -reStricting access: to death 'certificates, and, the routine-

destruction of official death certificates' after:10 years of the death. These restrictions

partially eXplain why-we were,tillable to detenIrlne cause for several German deaths. For

most of the deaths', 'relfabl~ alternative sources of cause ofdeath information had to be

used, mainly: letterS provided by eDiployees' primmy physicians to occupational

physicians at"the'plants; These letters were genera1lyrequested and supplied to document

whether ornot thecausesof deatb:were ..work~lated"and consequently whether or not

decedents' families' were ~iltitled'to compensation. -This systemofdocumenting causeof

death is remarkably -complete;;Probably 'because next-of-kin are motivated to release

death certificates because of the potential eempensetion.: Relative to usual reporting of

cause of death on dciith..·dertificates, ~this information is likely to be more detailed and

'possibly more acclitite. . " .. ~

Overall, mortality patterns for chromium chemical workers in GeImany and the United

States were similar to'''mOrtiilitY ·p8tteros seen in their respective general populations.

Slight deficits in mortality for all causes combined and all heart disease suggest that a

healthy worker effect may exist. ' The healthy worker effect is a type of selection bias
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frequently seen in occupational mortality studies when mortality for a healthyworking .
.'

population compares favorably to the general population tba~ includes people who are t

unableto remainemployed dueto ill health. ._

" I

Despite the slightly favorable overall mortality and mortality .from -heart diseases,

inortality from lung cancerwas Increased, Giventbjs modest excessofhmgcancer, the

data were explored further to detennine whether and to what extent the excess.might be

related to chromium exposure, The general approach used to assess exposure-relatedness

was to estimate SMRs stratified by various exposure indicators. including two

quantitative metrics: cumulative urinary concentrations and cumulative peak exposure

scores. The quantitative exposure indicators were also assessed further using

multivariable analyses that took into account other important risk factors for.1ung cancer

such as smoking and age.

5.1 Exposure Assessment.

Because exposure to hexavalent chromium is not uniform across time and production

areas, a detailed exposure assessment was undertaken, - This assessment allowed

derivation of individual-specific estimates of exposure that in tum were assessed as

correlates or predictors oflungcancer risk.

In general, exposure levels appeared higherat the Germanplants than theU.S.plants, and

tended to decrease over time. These measurements were not comparable directly,

however, because exposure ievels for the German plants were reported using urinary
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chromium 1eve1S':;wlnl~ iexPosute:\1eVeJs: at':the<U.S: ,plants: were .. reported 'using air'

concentrations' of hexavalent ,:,Cbtom.ium·,''from .Personal air smDpling, measurements.' ,"

Biomonitoring has not been cond~cted.at theu.s. pla'ilts., A comparison'ofpersonalair \' ,

monitoring data for the four plants since '1986 (when personal air sampling was first

conducted 'at'the Geiman'PI8nlS)~sh6Wed:bighet plant..wide'average'exposure levels'for

the Gennan'plants (Fighre 5};'excep{for the"years 1994·aild 1995 when'exposurelevels

spiked at the .Corpus"Cbristf'plants;rdire to aiieW,·Ptocess--for compacting chromiC' acid.

These high expOSUres proved diffiCult to Conlrol and'"this process' was -subsequently

discontinued. <Exposurelf .received during these more recent years1 however, w~

unlikely to imPact mortalitY results through '1998.

Urinary chrorirluiri-measUreriJ.ents'have'somelimitations as well. Due to the reduction of '

Cr{VI) in the blood and other tissues, urinaty chromium is detected as Cr(D1).6.49,

Therefore, increased urinary levels of chromium. may reflect increased exposure to

Cr(VI) or to Cr(III). Chromium (III) is an essential nutrientrequired for metabolism of

carbohydrates and lipids>" Beet -ccnsumption increases urinary chromium levels.SO In

additio~ smokerS'DUiy excrete 'higher concentrations 'of urinary chromium,14.4~ due to

either enhanced' retention of-particulates'dn the lung and bronchus or stimulation of
Cr(VI} reduction,leadingto a subsequent increase in urinary Cbromium.

14

5.2 Lung Cancer Mortality

Despite the complexitiesof estimating individual exposure to hexavalent chromium, we

identified an increase in lung cancer mortality among those with the highest cumulative

7S

IHF29096



-e.:

MULn-PLANfCHROMATECOHORT MORTAUrYSTUDY

exposure. Figure 24 is a graphicalpresentationofthe 25 ~ung cancer cases, showing the

date ofhire (and presumably earliest exposure), date ofseparation(end ofexposure) and

date of death for each, according to cumulative exposure level For 11,of the 12 lung

cancer decedents with cumulative exposureof200 ilgIL-years or more". at least 15 years

had passed between first exposure and death, and for.more than b.aIfthere was ~t least,20

years latency. Thoughno firm conclusionmay be drawn from these data, it does suggest

that these cases plausibly may be work-related. The'SMR was 2.09' (95% CI: 1.08-

3.~5) for cohortmembers with cumulativeurinaIy chromiumconcentrations of200 J.,lglL-
, ,

years or more, based on 12 deatbs. For cumulative concentrations less than 200 J.,lgIL-

, years,however,'therewas no excess mortality from lung cancer. Figure 23 shows for the

13 lung cancer deatbs with lower cumulativeexposure, seven occmred within 15 years of

first exposure, suggesting that the relationship with work exposures is less plausible.

Regardless of the method used to characterizehexavalentexposure, simiiar results were

obtained, with slightly stronger and more precise estimates derived when using the

quantitative exposureindicators, and when-taking some latentperiod into account .

Because there were 13 lung cancer deaths in the highest cmnulative exposurecategory of

~OO JlgIL-years, it was possible to further-subdivide this category into 200 - 299.9 and

~oo J1g1L-years, to see whether the excess risk tended to be evenly distributed across

exposure estimates or more associated with the highest cumulative exposures '(which

ranged up to more than 500 f1WL-years). The two resulting SMR estimates were 1.85

(95% CI: 0.68 - 4.04) and2.39 (95% CI: 0.87 - 5.20), but because ofthe smaller number

ofexpected deathsin each stratum, the precisionofthese estimateswas poorer.
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The SMRs were:elevatoo-:for:cohorMnemberS wh&,had,workecl: from ·:fivei.to nine,- 10 to

19, and 2()·yearS'Or'more/but.:·thete- was<no' cle8tpattern· of-increasing, mortality with

increasbig duration'of.employment:;:'Tw'enty.:.tmetfoftht:r25 lung' cancer,deaths occurred

among those ·whowere J,-j:yearsori')lder.at·mre.."T!:rlsresult'largely reflects the' older age

at first··exposure.'{mean7approximately"38,;;ye8rs). in. the· GermatrplantS .eompared to

average age at:'first 'exposure ;of.2§l',yciars' for Corpus. Christi and 31 years' for .Castle

Hayne. V.ecy few cohort.members :wereexposed to 'chromium at ages less than 25 years

old as~~by the ;yery,sm~ n~,of~~ 4eatbs (0.13) for thi~ age group.

In con~·.to~~U.S. P~~. whjeJt produced chromium.,cpenlicals only, production at

the Leverknsen and ['Verdingen pl~ts was not limited to chromium. Many other

chemicalswere.produced at these ~~~e$ anq employees at the chromium plant often

worked C?~ere. ~t lhe ;p~ant ..first,.:In ~.~licy.~ the German plants required that, to

mjnimize ~,~t~Ja-,c~qllum.exposures, C?~y men over 35 years could be

assigned to tbe.~ilJ,D}·p1aAt.. ~~!tb~.age.:at.,:first.~sure to chromium was

higher among the Germans, we examined plant work and medical history records of the

lung c8ncer. d~~i19·4f(t~e.ifprio.r ~osure toother known lung carcinogens,

most notably asbestos,..was.likely·am9ng,the German employees. We found no evidence
_ .' N ~ .., •• • •

ofoccupational~~~.q#ler agents. known to cause lung cancer.. .. .. ~". '.. :" ' .'

Lung cancer mortality was increased for peak exposure scores of five or higher: the

SMR. was 1.59basedon 13 deathsfor scores offiveto 23.9 and the SMRwas 1.97based

on 10 deaths for scores equal to or exceeding 24. Among the lung cancer decedents,
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however, cmnulative exposure and peak: exposure indicator score were correlated. Ofthe
.' '. . . .... , .

;"
12 lung cancer deaths that occurred among those with cumulative urinary chromimn '1

values of200 p,gIm3 or more. 10occurredamongthose with a peak exposure score of24
~ ", \ .

or more. Consequently, teasing apart effects due to Cumulative exposure versus effects
., , .

due to peak exposure wasdifficult In an attempt to separate these. we generated logistic. .

regression models that incorporated tenns for both cumulative and peak exposure. From.

these results, it was clear that both parameters are likely to contnOute to risk. However,

due to small total numbers ofhmg cancer deaths,and the correlation betweencumulative

and peak exposures. the relative comribution ofeachto the risk oflung cancercannot be

validly determined. The logistic regression analyses, taking smoking into account,

suggested that smoking was not strongly confounding the modeled exposure-lung cancer

relationship.

Our SMR results may suggest a threshold effect for chromium (VI}-induced lung

carcinogenesis; however, the lack of a clear increased risk at lower exposure categories

may be due to lower statistical power in these categories, indicated by the wide

confidence intervals. De Flora14 reported that Cr(VI) is reduced to Cr(Ill) in the

epithelial-lining fluids, pulmonary alveolar macrophages, bronchial tree and peripheral

lung parenchyma cells of the respiratory tract, Chromium (VI) exposure levels must be

high enough to overwhelm the body's defense mechanisms which may lead to the

development of lung cancer. This theory suggests that a necessary threshold level must

be reached before the reduction-activation and/or reduction-detoxification mechanisms

are overwhelmed. A study of Cr(VI) exposures that occurred at a Painesville, OH
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"," '~' •• ': .\ ~J .';~""J.!~~'.' ':~~t"..,. e-'::.~.;;.-'.~ ~ ...J~~::.t1~. ~" .. ~"':_ ',. ',. ~"

chromate production plant that used a high-lime Process reported increased mortality,
~.~~ .", • ~ ;'1'" • ,- .... 'j · ....,i > 1'-,,', < ~ -;:,' , ~1),.• ,~.. . '" • .

among~loyeeS ~sedto~ :at'iev~ ~f!~~iy 1 mglm3.ym or higher

(SMR~i65~ '95~·a~Io8·'~5~92);·;t~; &Nt>;~ i:os ~.~/2.70 inY;m3~·(SMa~.63,
'j • :,', -. ,;. ,',I' ~Lll.~!~l"~:.>~- ':;<1> J'~~~.:.~.F:"'~ .• '~ .• '~ .. 'L':: .t." ... ;. ... :i i>: : ~ ~~. "':~" .." '

95% CI: 2.83 - 7.16) for Cr(VI) ~.70to < 27.80 mglm3-yearS.24 Lung cancer mortality
• ',:.. ;.~:,". lL·,.' ·:·t'~tV~~~ .;..":",,, ~;'-;-'. ':r ~'.. :~):,;~),""~<~: "I.: ~ :.;:].":~ 131t ,: .r. ' ...' ..' .. \ '

for the three lowest exposure categories. (all less than 1 mglm3.years) showed no
. \": ..... .: ·.~lo··;' .. 't.; i "'~' ...' '." . "~'.' ':,' :~ ....,.

meaningfulexcess.
.: ....... F'.' "11 ~:! :""j;"t~:-:?fH"l~'~ :. : '. :"",_:1" .. ,

• ' t .,' ~ :' i,

, , "

; , " -. , ~ -' , ~ ~I , ~ .':, ",•• ' ,', \.' • , • •

Om logistic regression resultsalso showed the greatest relative risk for the high exposure
:. , ~.;:;. of". •

category; however, risk among the intermediate exposure group was slightly elevated,
, .

when controllingfor age and smoking status. When lagging exposure, the intermediate
..

exposuregroupbad a relative risk estimate roughlyhalf that of the high exposuregroup,

indicatinga morelinear relationship. Unfortunately, the different logisticmodels are not

adequately stable to suggest a dose-response relationship. Furthermore, the exposure

categories in the logistic regression are not defined in a time-dependent filsbion, as in the

SMRresults. Although'the availablenmnberoflungcancer cases may not be adequate to
, ... ¥:.: ': . ~ '; ', ,1 i '.. .'.' ",,1 'I' '

generate stable results, risk associated with tim~ependent exposure measures can be
( ~ .: '.~ j~;.'.' :

evaluated using a Cox proportional hazards analysis. Such results in theory would be

directly comparableto the SMRresults.
• ". • ~ • : .:.~. :; >. ."

In a recently released--~dY of a high-lime chromate production facilit;y~ Gibb et al.23

~ ....

reported a two-fold excess of lung cancermortality (SMR=I.80; 95% CI: 1.49 -2.14)
"

among employees of two Baltimore, MD facilities. The first plant opened in 1950 and

the second in 1960, and both were designed to improve process techniques and
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environmental control of exposure U? chromium.be8:£ing. dusts. The SMRs were

moderately elevated for the two highest exposure levels: SMR.=1.57 (95% CI: 1.07

2.20) for exposures of 0.009 to 0.0769 Cr<Y/mJ_yrs, and SMR=2.24 (95% CI: 1.60

·3.03) for exposures of 0.077 to 5.25 oo'1m3-yrs. These exposure leyels. correspond to

Cr(VI) levels of approximately 5 to 40 JJ.gIm3 and 4O.to over 2700 JJ,g!m3, respectively.

The two lower exposure levels showed no important increased risk of lung cancer, again .

suggesting a possible threshold.

Although our study did not find any excess of lung cancer among those with less than

200 JlgIL-years -urinary chromium in the SMR analyses, substantial differences in risk

by quantitative exposure level can beexpected across studies, or within studies under

different exposure assessment approaches. Because none ofthe recentstudiespresenting

risk estimates by quantitative exposure categories had actual individual exposure

measures, exposure was estimated based on job. exposure matrices (JEMs)~ In the

Luippold study, the JEM assimilated industrial hygiene data ftom 20 plant wide surveys

describing over 800 aiIbOIJ1e conceatrations of speciated Cr(VI); for most years of the

study period no industrial hygiene measurements were available.2'" In the Gibb study, the

JEM was based on approximately .70,OOD area and personal air samples of hexavalent

chromium over the entire study period, however a huge proportion of the employees had

very short duration of employment23 Given the numerous assumptions necessary to

construct individual exposure estimates, all of which are ultimately ecological averages

(i.e., based'onaggregate datanom groupsofindividuaJs); -differences·in·risk·would·be··· .
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expected evert··if the Ui1derlymg·felaliO~bip oetWeen exposUre :and"limg eai~ iisk were
_I .. • - • 4 • ~ , •identical in eaCh.stadY.:~:" , ..... , :-';"." .; : ': )". ", ,,,'t,.:,' t , .' "

5.3 StreBgthsoftids'StUdy "~"'>~ ~.:..;·"i ~." ":',:::-. '.;.. ".' , '.,

Thisstudybenefited'fi"bm·t1:J.em.idti::'Site designtmrlprovided a reasonablylarge ~hort of

post-change chromi~, 'clietnibal :Wt>ikets;' along ~Witb ·:tlie"~ :increase in

statistical power generally lacking in previous studies of post-chait~cOhorts. Another·

strengthwas the additional yearsof follow-up. Over40% ofthispost-change cohortwas

followed for at least 20 yeats. sufficiently allowing for the typical latency period for lung

cancer. Long-term follow-up varied among the individual plants: 6QOAt, 42%; and 38% of

Castle Hayne~.Uerdingen"andLeverkusen employees, respectively. had·20 or more years

of follow-up.. Because the changeover did not, occur at the Corpus Christi plant until

1980~ the maximumfollow.;up possiblefor these employees was I8-years. Also, because

the average latency fodWig:oancer maybe-longer than 20 years, and ·forsome individuals

as long as 40 yeats;,the, future'mortality experienceof this cohort could shed additional

light onthe actual-,risks associated withpost-change chromium exposures.

Although not comprehensive, and -certainly not standardized across facilities and over

time, substantial industrial.hygiene data were available to derive quantitative exposure

estimates. Relatively large-numbers of samples were taken at each facility in nearly all

study years. and for most work .areas, At a minimum, these data made possible

identification at an individual level for each year of employment, whether an employee

was likely to have worked in an areaofsubstantial potential exposure. To a lesser extent,
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the data could identify areas in whichpeak exposures were more likely' to .occur, ~'
..

Therefore, despite the limitations,' the exposure data incotpOrated into 'OUJ;'"analysis of I

lung cancer risk may be among the best available today for risk estimation and risk:

assessment purposes.
, :.'.: ....

'. ,"

Other strengthsofthe study include a,num~ ofmethodological attributes, especially the '

, simultaneous use of multiple referent groups in the S~, analyses, where, each .person

year observed is weighted by the appropriate age- gender- and geographical location

specific reference rate to obtainthe most valid expecteclnumbers. Additionally, the time

dependent evaluation of exposure indicators is important, but rarely used even in recent

occupationalmortality studies. Finally, we were able to obtain and mcorporate basic

smoking information as a potential confounding variable, 'on a large majority of the

cohort. Gibb et al 23 also controlled for smoking status in their analysis, and similar to

om results, found that smoking'was not a strong confounder. Therefore, the absence of

smoking history for some workers probably did not affect the results or interpretatiOn of

this study.

5.4 Limitations of this Stuc:ly

Personal air monitoring data were not available for the Castle Hayne plant for the first

three years of operation (1971-1913), nor for 1993and 1994,and were sparse after 19%.

-Similarly, personalair monitoringdata were not available for the CorpusChristi plant for

the years 1983 to 1985 and 198~. Nevertheless, anecdotal reports from the first study of

the Castle Hayne plan~9 indicated that exposures during those early years might have
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hft........; 'th I"''''''· +"i/~,:ti·....:ift" U" 'C- -: / : ',',;.,', ',l~','_ "u,uuE;u g ep~m_ ,,!"...A:... v.u./C': ";'-'" ,,' .

We are reasonably certain that employees at the u.s. plants were not exposed to other

known lung carcinogens while workingat the plants. In addition to chromiumproducts,

however, the Genn8tl' plaritS':prOduCed :other CheimC8Js~':i' 'Beamse German 'employees

were rotated throligh'tv8rioUi:proatlCtion'~ emploYeeS may have SUStmned expOsure

to other lungcarcinogens. :We exaririnoo'medicaf and work history records for the lung

cancer decedents at the oeri:±Uui pl~ts to' evatuaiewhether exposures inc1med'before or

after assignnient to the chromiumplants included any knoWn lung carcinogens. such as

asbestos, cadmimn, nickel, and 'coke oven fumes.Sl There was no apparent evidenceof

such exposureS, although the possibilitycannotbe completely ruled out.

:~. '. ,:';' :....... ~ : ' ." ..
• • "I.. ~

5.5 FutureR"searchDir~CfiOIT' ..... ,;""-.,', ,'; :,. c .

The data obtained-to oonduCt'this-~ipOsUie ~ent arid mortalityanalysis represent a

valuable resource not easily obtained elsewhere. Once a cohort is defined and all

exposure data obtained and structured, updating of cohort mortality becomes

straightforward. Beyond continued mortality surveillance, however, this database could

providemany moreClues regarding the relationships betweenchromium air concentration '

and chromium urinary- 'conceatratioti, and between air and blood, and urine and blood

concentrations. These issues are- becoming increasingly relevant as biological exposure

indices have been proposed, and relevant to the interests of proper employee exposure

surveillance.
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More directly related to the results presented herein, additional analyses of the data may

help to elucidate the possibility of a threshold for Cr(Vl) induced lung cancer risk.

Future data maybe especially useful in estimating a threshold as the number ofavailable

lung cancer deaths increases over time (inevitable with increasing age of the cohort).

However, :further work is needed in defining peak exposures and evaluating their

contribution to Itmg cancer risk, either alone or in combination with other exposure .

indicators. As the toxicology and pathology of chromium-induced cancers is better

understood, these epidemiological data may prove help~ in supporting or refuting

various hypotheses.

5.6 Conclusions

Lung cancer risk among the study population was moderately elevated, mainly due to an

elevation among those in the highest categories of cumulative and peak chromimn

exposure indicators. Based on SMR.analyses, no excess oflung cancer deaths is detected

among cohort members with less than of 200 J1g1L-years cumulative urinary exposure.

While logistic regression results also suggested a substantial risk associated with the

highest exposure category, controlling for age and smoking status, a modest elevation in

risk was seen for the intermediate exposure category. Additional analyses will be needed

to clarify whether the difference was related to the non-time dependent exposure

assessment used in the logistic regression. The logistic regression analyses additionally

demonstrated that smoking was associated with a six-fold risk oflung cancer, but did not

materially confound the independent association between chromium exposure and lung
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cancer. Whether exposure to hexavalent chromium. is characterized as cumulative, peak,

or some cpmbination:D:f:th~;inf1ieators;:risk"was$Q~aI!Y ,elevate4 ~ 1;l1~ ~ghe.st.- '

categories.. ~ ,Howe.vert:.due~tor , the ~g.'cotrelatiQn!'between~~ye ~d ,~:

exposure estimates on,,an'-individuaf.1e.veldhe r~ative.:contributiQl1 of,CJlCh cannot- be

~. ' ... .".

'.. .:: ~ ~ .'

; , 'i • .~. ~

, .'. ~ ~' ,:

. r ~ , ' ..
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Table 1: Previously studied cohorts included in thecombined analysis

Allcauses Respiratory cancer
Plant/Company Location Study period Inclusion Cohort PersOJ1. Obs SMR Obs SMR Reference

criterion years
Leverkusen, North Rhitie- Ian. I, 19S8 to Worked 416 men 4,908 49 Not 8 lAS Korallus et al., 1993
Bayer,AG Westphalia, Dec. 31,1988 ;?;1year reported

GERMANY
Uerdingen, North Rhine- Jan. I, 1964 to Worked 262 men 2,6S9 8 Not 1 0.69 K.orallus et al., 1993
Bayer,AO Westphalia, Dec. 31,1988 ;?;1year reported

GERMANY
CastleHayne, North Sept. 4, 1971 Worked 398 men 4,483 16 0.72 2 0.97 Pastides et at, 1994
Occidental Carolina, USA to Dec. 31, ~ 1year and
Chemical 1989 women
Corpus Christi, .Texas,USA Oct. 15,1.979 Worked 310men 3,549 22 0.64 6 1.67 'Applled Epidemiology,
Elementls, USA toNov. 30, ;?; I day Inc., 1995

1994

".'
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Table 2: Types of industrial hygiene data, number ofsamples, and years for whioh data are available byplant

Leverkusen Uerdingen . Castle Hayne Corpus Christi
No. sampj~s Years No samples Years Nosamples Years ~o.saJnP1ea Years

1.6561971-1972
1974-1979
1990-1991

l,S551978-19951,1611973-1998

252 1985-1998 21S 1986-1994 5,461 1974-1992 1,249 1980-1982
1995-1998 1986-1988

1990-1998
1980-19983,422

IHmeasure

Area air

Personel air

Urine
Blood

Serum

6,940 1958-1998 5,402 1964-1995
3,036 1969-1971 : 4,792 1972-1995

1983-1998
2,782 J98~1998 2.200 1985-1995 - - - .:":__ __ .

"

-:I:
~
(0
~
~w
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Table3: Homogenous ex.posme groups identified for eachp~

Plant
Leverkusen

Uerdingen

CastleHayne

CorpusChristi

Homogenous exposme group . .,.,
Ball mills, Material mixing, Control roomin building UI7,':IOJnI,. "
Kilns 2 & 3, Filtration,Residue dryinglrecycle, Residuereduction, ,
Vanadium separation,Pressure acidify/~ production,Final
acidlevap, Sulfateseparation & drying, NDC crystallization&
drying, Shipping, Foremen & supervisors, Lab technicians, ,
Maintenanceworkers & foremen, Plant managers/office '
workers/engineers, Entire building U17 '

Kilns, Saturation,ADCIKDCproduction,K,CA production, ; .
Shipping, Laboratory, Clothing handout, DCH shop, Electricians,. :
Supervisors/administrators . .

Ore handling, BaIl mills, RIMmix, Recycle, Kilns, Quench, Boilers,
Neutralization, AcidlEvap, Chromic acid, CA packer, Crystal
packing, Warehouse, Storeroom, Tankfarm, Waste treatment,
Laboratory, AdministrationlI'ecbnical, Maintenance,
Utility/plantwide,Production supervisors, Engineers

Ball mi11sImaterial mixing, DeS hearth, Filtration, ncs kiln,
Residue treatment,Acidlevap, Chrome oxide,'Chromicacid,
Chrome hydrate, Shipping, Administration,Laboratory/technical,
Utilities, Engineers,Maintenance, General services,Production
supervisors

9~
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Table 4: Assignment ofpeak exposure ranks, . " '. ~ .',

.' ..,

Peak rank

o
1
2
3
4

Sum ofpeak measurements
(J1B/L chromium in urine)
No peakmeasun:ments
Not used
40-99
100-199
~200

Sum ofpeak measurements J?etccntile ofdis1ribution of
(pg!m3'chrommm in air) 'Sum ofpe8kmeasurements

94
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TableS: Arithmetic means, variances and theratioofthe meaqsfor German,plantsfor
yearswherepersonalair monitoring samples and urinesampleswereavailable.• _ .. . ~ '~"" v"'...... ., _ _ . _ . ,- ,_ -.".~. . .. ..

>~. ~t, ~'. •• f'::~·:~.$; '~'. . ..:. ,;·rn ~"':';.~;:'::"f-. 'i''':'''-;' .' '•• " .~ ~ .. " ."'~.','

. '.

: "·,'··'-"·2829
6.80,' :,

21823 ..

Air samples, n
Mean,J.lg/m3 Cr (VI)
Variance

Ratio ofmeans

.... ,

215
8.83

942.91

0.92

256
8.04

270.96

0.85

95
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Table 6: Relationship between Cr03 concentrations in wo*t?lace air and excretion ofCr
in urine and conversion factor based on ratio ofurine to air .

Air CI03 mglm3 Air Q(Vl) Pf/mJ , Cr-urine (p.gIL) . Ratio ofmine to air
(0:0:1 I ~.92 x 1000) Samp1iIJg: endof

exposure
0.03 15.63 12 0.77
0.05 26.04 20 0.77
0.08 41.67 30 0.72
0.10 52.08 40 0.77
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,"

Exclusions:
.. ~ -' - ~.~ ..... " , '-.' ~.~~;~.i' .1 .' ,. - ... ~ .~ . ' . .. -..

, '.,M. ~' < :
" ,;~Missing date ofbirth'i,. 1 . 7:,;.. 0 0

Missing date of~ r 2 0 -0 .' 0.,'. ,'0
..

Beganworldng...·) 0 I .s, I .' 0
studyend Oate ."........ .- .............. ...... ..... ....-.- ....... ., '. .-.. ~,. ... ., ,

Contractwenker 1 0 0 0
Unexposedtrainee 1 0 0 0
Worked less than1 year 108 33 4 28
Previous high lime 46 205 278 464
exposure
Worked in otherplants 0 0 0 166*
with possible Cr(VI)
exposure

To1al in study analysis 430 187 593 308

*Employedin plants other than the Dichromateplant andincluded in the databasefurregular medical
examination

97
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Table 8: Descriptive statistics for the cohort ,

I~

Plant I

Levedmsen Ueniingen Castle Hayne Corpus Christi
Variable n % n % n '% .n %
Gender

Male 593 100.0 308 100.0 379 88.1 140 74.9
Female ,0 0.0 0 I 0.0 51 11.6 47 25.1

:RaceIEthDicity
WhitelCaucasian 593 100.0 306 99.4 349 81.2 108 57.8
Black 74 17.2 8 4.3
Hispanic 4 0.9 70 37.4
Asian 0 0.0 1 0.5
Native American 3 0.7 0
Non-European 0 0.0 2 0.6 ~ -

~

Yearofbirth
1900-1909 8 1.3' 0 0.0 1 0.2 0 0.0
1910-1919 41 6.9 2 0.6 4 0.9 0 0.0
1920-1929 132 22.3 55 17.9 13 3.0 0 0.0
1930-1939 147 24.8 92 29.9 49 11.4 3 1.6
1940-1949 83 14.0 90 29.2 145 33.7 34 18.2
1950-1959 76 12.8 47 15.3 166 38.6 75 40.1
1960-1969 50 8.4 21 6.8 50 11.6 63 33.7
1970-1979 56 9.4 1 0.3 2 0.5 12 6.4

Smoking status
Eversmoked 381 64.2 208 67.5 242 56.3 30 16.0
Neversmoked 150 25.3 96 31.2 149 34.7 122 65.2
Unknown status 62 10.5 4 1.3 39 9.1 3S 18.7
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Table 9: Duration ofexposure and time since first exp<im byplant":'-'·

, ..', 11.0.
",,,1 •.\, 66 r

{!", 1.0':29.4

Dluationofex;pos1lRl' , -_. ~ , " -< _ .. _ - '-. ,..

M~' >, ( ::~. 9~:;.._
SD . 6.3;
Range >, ,~ 1.0-4(>:7

Time since first ..
i)~t . t~>~, .:

expOsure "
. , ,

~'.
.' ,-

16.4"Mean
,. 19.1'-, ,.

;SI;- , , 9.9' 8.2
Range • • 0,)1

1.0-4~.9 2.0-34.9," "

Ageat first exposure 'f ",

Mean 38.4 37.7
SD 10.6 6.2
Range 14.6-60.5 19.2-53.1

, .. .. , . . '.~ ... ,- ~ . .- .., _.'

') , 12.4
" ',. 9.5'
': .. 1.0-219

20.1
7.7

1.4-28~8

28.9
8.3 ..

. 17.4-629

CorpusCbcisti
(n=I87)

7.8
5.1

1.0-17.9 :

10.1
5.0

1.0-179

31.3
7.4

19.9-53.5
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Table 10: Vital status for studysubjects as ofDecember 31,.199~ .
.'

Levedcasen Uerdingen Castle Hayne CorpusCuisti . Total Cohort .
N P-YRS N P-YRS N P-YRS N P-YRS N P-YRS

Vitalstatus (%) (%) (%) (%) . C~} (%) (%) (%) (%) (%)

Alive 472 . 7,503.5 -267 4,863.6 407 7,869.7 182 1,662.5 1328 21,899.3
(79.6) (82.4) .(86.7) (87.3) (94.7) . (96.0) (97.3) (97.3) (87.5) (89.I)

Dead 92 1,524.2 38 703.3 22 327.0 5 46.1 157 2,600.6
(15.5) (16.7) (12.3) (12:6l (5.1) (4.0) (2.7) (2.7) (10.3) (10.6)

Unknown 29 82.2 3 6.7 1 0.4 0 0.0 33 89.2
(4.9) (0.9) (1.0) (0.1) (0.2) (0.0) (O.O) (0.0) (2.2) (0.4)

Total 593 9,109.9 308 5,573.7 430 8,197.0 187 1,708.6 1518 24,589.2
(100.0) (100.0) (l00.0) (100.0) (100.0) (100.0) (100.0) (100.0) (100.0) (l00.0)

100
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, SMR. .:.. , 9.5%CI ..

0.01-2.76
0.56-1.08
0.40--0.95
0.57-1.62
0.38-1.58
0.12-1.11
0.24-1.22
0.23-1.67
0.12-1.67

MULTI-PLANT CHROMATE COHORT MORTALITY S1lIDY

All
Allcauses .: '/.~",' :;'" \: "~':'~56S7* ,', ~~J;'!"

c:anpers " :. . " " ., .. ~.~ ,,' ,,' -v- "nl'./~f
Oralcavitf& pbarymc ' -. t '." 2.: ',. ' 2 ' " .. 2:05" r

Digestive ~gans J!. , ',' ., ,11 ", 16.21.,
Stomach', ;, ', . . ',' :,,; ". f. 2 ~.'(j(), ,
Intestine.exceptreCWm ' "1 4 3-.76 . f

Rectum. ". 2 1.96
P8IlCI.'e8S •'" " ",;:; . : 2 2.49.

'ltespiratory s1s'te:m ' , . -, . 26 16.36

,,' Trachea"bronchus.4tI~ "':' ',', ,', 2S ~S.02
.. Prostate ',' . . ,": ': " '3 2.98
, IGduey, bladder & othe:i:- UrinmyOrgans. ..' 4 3.33

Lymphatic & hematopoietic tissue 3 3.32
Unspecified sites 4 2.89

Diabetesmellitus 0 2.62
M~OOllim 1 2.m
Diseases ofthe heart 39 49.31

Ischemicheart disease 23 36.34
Otherdiseasesoftile circuJatory system 16 16.04

. Cerebrovasculardisease 9 10.79
Diseases ofthe respUatory system 4 9.26
Diseases ofthe digestive system 7 \ 11.84
~&mm S 7nl
Suicide 3 5.24
*Includes 14 withUDknown cause ofdeadl

, 0.94 ", ,Q.80--,1.10
-', '}..15 '; ',' '0.87-1.49
.' '0.98 "-'-:'0.12-3.52

,0.68 0.34-1.21
,0.49 " ().06-f.78
, '1:06 ' '0.2~2.72

,1.02 0.12-3.68
0.80 0.10-2.90

. . 1.59 .' 1.04-2.33
, 1.66 1.08-2.46
'1.01 0.21-2.95

1.20 -0.33-3.07
0.90 0.19-2.64
1.38 0.38-3.54-
o

0.49
0.79
0.63
1.00
0.83
0.43
0.59
0.71
0.57
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Table 12: Observedand expected deaths, SMRs and 95% confidenceinte1'Vals using
state rates (USplants) and North Rhine-Westphalia rates (GeimaJiplants). as referent .
population "

,.,
I

Cause ofdea1h
AllC8llSCS
AJlcancers

Respiratory cancer
TI8Chea, bronchus & lungcancer

*Includes 14with lJIlknown cause ofdeath

Observed
157*
56

: 26
25

178.83
53.28

'19.90
18.22

0.88
1.05
1.31
1.37

95%Cl
0.75-1.03
0.79-1.37
0.85-1.91
0.89-2.03
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0.16-2.25
0.82-3.77
0.57-2.17 .: .
0.65-6.10

1.72 0.63-3.75
1.06 0.46-2.10
1.60 0.73-3.04
1.25 0.15-4.52

1.69 0.20-6.11
1.36 0.86-2.04

Variable '., "H _ .." ..•••~._ Obs. , Exp -SMR· ,9S%CI

Table13: oDserv~~~d;~pea~~(htfug:~ders;i~M:Rs 8nd 95%CPs ~fied'by ,
durationofexpo~·an(ftUneLgm~.'fitSt:eiPosme;·, ;"'. ,\.,:,'. ..... -, ':, '."

Time sincefirst exposure
1-9years 6 3.48
10-19years 8 7.51
20-29 years 9 5.63
30 yearsor more 2 1.60

Ageat first exposure
<25 years 0 0.13
25-34 years 2 1.18
3Syears or older 23 16.91

-=-:-::-:------------.;----=----=-----:::-=------:=~---. .',.
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Table 14: Observed andexpected deaths, SMR's and 95%confidence intervals for luni
cancer stratified

Exposure Obs F.xp SMR. 9S%CI
Cr inurine (!JgIL)

0-39.9 4 2.97 1.35 0.37-3.46
40-99.9 4 4.20 0.95 0.26-2.44
100-199.9 5 5.30 0.94 0.31-2.20
~200 12 5.72 2.09 1.08-3.65

Peak exposure score(3 levels)
0-0.9 1 1.12 0.89 0.02-4.96
1-4.9 0 2.72 0
5-23.9 13' 8.19 1.59 0.84-2.71
~24 10 5.08 L97 0.94-3.62

Peak exposure score (2 levels)
0-0.9 1 1.06 0.94 0.02-5.26
1-4.9 0 1.33 0
5-23.9 3 3.84 0.78 0.16-2.28
~24 20 10.88 1.84 1.12-2.84
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No Jag IO-yearlag 2o-yearlag '.. ;
Obs SMR 95%cr Obs SMR 95%a Obs SMa 95%CI

1
, 0
" 13

10

~ 1-::1 ;. . .:.~::J~". , , , -, •• f : ,
, .~ ...-~ ....... - . ". . ....

. ,
1.35 '. > 0.37-3.46,·· . 9 1.34 0.62-2.56 17 1.31 0.76-2.10
0.95: .': .·0.26-2.44~ .:. 3 0.78 0.16-2.28 2 1.01 0.12:--3.65,
0.94 \\'" 0.31-2.20' .. 5 1.31, 0.43-3.07 2 1.10 0.1~3.96

2.09 :·." ..1.08-3.6S:.·.. 8 2.0S· 0.88-4.04 4 2.74 0.75-7.03

0.890.02-4.96' 6
Q '.:~., 'i ,': 0

1.59 ','l;:O.84-2.n:.' 11
1.97 0.94-3.62 7

Crin)Jrine{~ .. ,i.

years)
0-39.9 ~ 4
40-99.9· ... ; 4
100- 199..9 ..··.5
~200 ··;12

Peale exposme
score

0-0.9
1-4.9 ,
5-23.9 .
~24

.'t. c•
~ L '.

1.30 0.48-2.84
o·

1.61 0.80-2.88
2.21 0.89-4.55

15 1.32 0.74-2.18
1 0.60 0.02-3.36
7 2.09 0.84-4.30
1 1.31 0.03-7.28
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Table 16: Distributionofstudy subjects and lungcancerdea,tbs accordingto peak
~

exposure indicator score and cumulative exposure " ."

..
Peakexposure score

0-0.9 '1-4.9 5-23.9 24+ . 'TOTAL
Cumulativ Study·. JJC Study LC SIDdy LC Study ic study LC
eexposure subject death subject death subject dcfath subject death subject .~

s s s s s s s .S s s
0-399 337 1 230 0 371 3 5 0 943 4
40-99.9 33 0 61 0 151 4 0 0 ..251 4
100- 0 0 11 0 111 4 ,39 0 161 4
199.9
200+ 1 0 1 0 21 2 94 10 117 12

TOTAL 371 I 303 0 660 13 138 10 1472 24
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Table17: Study.Subjectsflun~·ean~aea1hS}OddSiratios{OR).8nd9S%-confidence·· .
intervals (CI) according to cumulativeexposure*-and'ciJmulative exposUre trWicated 10·:
yearsearlier.than.end.offoUow-:-JJP.'!!fouxplants.,... ': _ ' "._, .

:_··.t~ :to :1~ ~~~ I" '.'" ,' ...

.:.. ,~. -, eum.Ulative exposure·' , ':. CUmulative expoS'Dnl truncated 10~
';: '[~~. :::.l \~h·;~;·; :.' 1 ,~,.",; . earIierdiaJi·endoffoDow-UP*. .

Exposurt, by'a.8e or:": 'SiUdy ":"'J"Lc 'l~f_,lr,,; it,,,-, "•. :." .... StUdY" LC ". ;;~~. . .~ ,; "
smoldngstatus- ...... ePiects, ,;deaths .. '·OR.·. .,·95%GC--Subjt!¢ts· .~_ .. - ·OR, .. 95%CI
Overall <. . ~: ~ , "'.: '

Low _ -'855 '" 4 ,\Ref .. '890. 4" Ref ~
Intermediate 394" 9 '--4.9 1.5-l~.O· 286 9' 7.0. 2.1-22.9
High 106 10 ".20.2 .6.2-65.~ 97 7 16-.1 4.6-55.8

Neversmoked
Lowexposure 369
Intermediate 118
High exposure 28

3 Ref
9 4.1 1.1-15.5
7 9.5 2.4-37.6

1 Ref
1 4.2 0.3-67.5
0 Undef

3S years or older at
:first exposure .:-

Lowe:tpOSW'e
Intermediate
High exposure

Ever smoked
Low exposure
Intennediate
Highexposure

Ref=refezent
Undef=11Dde1ined

268
309
88

486
276
78

3 Ref 326
9 2.6 0.7-9.7 236
10 10.2 2.7-37.7 80

1 Ref 368
0 Undef 88
1 13.2 0.8- 2S

216.4

3 Ref S22
9 5.3 1.4-19.7 198
9 18.7 5.0:"'70.6 72

3
8
7

Ref
7.0 1.8 - 26.8
16.9 4.3 - 66.9

·n=1378,23 luog cancerdeatbs

**n=1293,20 lung cancer deaths
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-.

Table 18: Summazy exposure-and cumulative~ f:rnnCated 10Years before the
end offollow-up, odds ratios(OR)and 95% confidence 'interVals (Cl) for lungcancer
deathsat fourplants: crudeand adjusted for ageat first exposUre, eYer smoked andboth
ageat first exposure andhistory ofsmoking

Cmde Acljus~ fur:
Age at first Age at fin;t exposure

exposure ~ 3S Eversmoked ~3Sandever smoked
yean;

Variable OR 9S%CI OR 95%CI OR 9S%CI OR ·9S%CI
QtJmdativc*

Low Ref Ref Ref Ref
Intermediate 4.9 1.5-16.0 2.3 0.7-7.6 42 1.3-13.8 2.0 0.6-6.9
High 202 62-65.4 8.8 2:6-29.9 16.8 5.2-55.0 8.0 2.4-27.1

Age at first 22.8 3.0-169.8 H.B 1.5-94.2 1104 1A-Sm.1
exposure~

3S;years
Ever-smoked 604 15-27.6 4.8 1.1-20.6 4.7 1.1-20.3

Truncated
cxposure-
Low Ref Ref Ref Ref
Intermediate 7.0 2.1-22.9 3.6 1.1-12.2 6.3 1.9-20.6 3.4 1.0-11.6
High 16.1 4.6-55.8 8.3 2.3-29.8 13.6 3.9~47.7 7.7 2.1-rJ.6

Age at first 18.7 25-139.9 9.1 1.1-73.2 8.6 1.1-68.5
exposure~

35 years
Eversmoked 5.5 13-23.7 4.1 0.9-18.0 3.9 0.9-17.2
ReRefeIent

"'Cl1mulative exposure, smoking, age (N=1378. 23 hmg cancerdeatbs)

**CumuIative exposure truncated 10 years before end of follow-up (N=1273, 20 lung
cancer deaths)
Lowexposure=cumulativeexposure<.40 J1f!m3

Inte:nnec:tia1l:: exposure so cumulative exposure 40- < 200J1g/m3

High exposure=cumulative exposure ~ 200 J1g1m3

lOS
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Table19: Hiezarg~~~~2Am~ 9fewnuJative high exPOsuteiahd additiori:of' '.'
ever peak expo~~:.,~...~.~~!Qdds·ratics and 95% 'COnfidence interv81s fQr .... .
lung cancer~~;t ~1.i)~~·~~.,(684:.witb~lete~.'1~~ .~cer,~~ths) '. :- ..' ~ ...

~ ", . ~.. ..: , ' ..~ ..' ' . .. ..-

1predictor . 2 predictoxs 2,predictoJ;'S . .....3.pn:dietors,·
·Cum orSmoke'''',::.;',~';~:rFPe8k' .. .Cum + Smoke Cuai+PeiaJc.t.Smoke

Variable qlt.. , .95% CI - OR' 95% CI "'OR. ; "::,.950.4 CI OR 95% CI
HighellpOSlU'e'-~ (., }~~'.: ·2:~::-18.2 ;;·.;~~1.:::·!·s'l.z-11.2 i:-: 6.1.- "',-2;5'-17.9 3.8 1.2-11.5
+EverpeaI(':-~' " ·~L' l.~~.- .... 3.6 0.9-12.1 ~;.s,. 3.1 O.9~ 1l.3

~ .. ~ .~". ~I".~ .J.' ••;::...:.;: ::.~ I •

Smoking '. '6:9 . ·.0";~·':'52.4-·~ .:....;... ..··-61; . ·0.9:'50.7 6.2. 0.8-47.7

.: .... ' .,;'.

.;:._:. ..;" .,.""

: "" •••• t
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Figure 1: Geometric mean overtimeforUerdingen plant
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,

Figure 2: Geometric mean overtime forLeverlusen plant
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Figure 3: Geometric mean overtimeforCorpus Christi plant
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Figure 4: Geometric mean over time for Castle Hayne plant
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Figure 5: Plantwide geometric means (raw data) from personal airsampling
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Figure 7: ADC/KDC production - Uerdingen
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Figure 6:Saturation· Uerdingen
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Figure 7: ADC/KDC producticn- Uerdingen
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Figure 8: Shipping- Uerdingen
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Figure 9: Electricians - Uerdingen
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Figure 10: Kiln 1- Leverkusen
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Figure 11: Maintenance Workers & Poremen- Leverkusen
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Figure 12: Sulfate Separation &Drying - Leverkusen
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Figure 13: Lab Technicians - Leverkusen
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Figure 14: Shipping- Corpus Christi
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Figure IS: DCS Kiln- Corpus Christi
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Figure 16: DeS Hearth - Corpus Christi
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Figure 17: Combined low exposure areas (OM < 1 J1g1m3 over allyears) - Corpus Christi
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Figure 18: Crystal Packing - Castle Hayne
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Figure 19: C.A. Packing - Castle Hayne
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Figure 20: Chromic Acid - Castle Hayne
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MULTI-PLANT CHROMATE COHORT MORTALITY STUDY

Figure 21: Combined low exposure areas - Castle Hayne
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I,: Figure22: Scatterplot of peakversus cmnulative exposure, cobort(n=1472)
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Figure23: Boxand whiskerplotofdistribution ofetm1ula,ti.ve exposure by plant. .
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APPENDIX

ICD-9Codes ICD-9CodesNo. MAJORI Minor Category ofDeath NJOSH rates German rates
1979-present 1919-presentMajor_Ol TUBERCULOSIS

1 Respiratory Tuberculosis 010-012 0OI~1392 OthorTuberculosis 013..()18
Major 02

3 MNofLip 140 1404 MNofTongue 141 1415 MNofOther Parts ofBuccal Cavity 142-145 142~]456 MNofPhsl}'DX 146-149 . 146-]49
Ml\ior_03 MNOF DIGESTIVE ORGANS AND PERITONEUM

7 MNofEsophagus 150 ISO
8 MNoCStomach 151 151 -'

9 MNofInteatine ExceptRectum 152·153 152. 153
10 MNofRectum 154 154
II MNofBiliary Passages. Liver. andGall Bladder 155.0.155.1.156 ISS
12 MNofLiver. notSpecified 155.2 156
13 MNofPancreas 157 157
14 MNofPeritoneum andOther andUnspecified ofDigestivo Organs 158.159 158.159

Major 04 MN OFRESPIRATORY SYSTEM
15 MNofLarynx 161 161
16 MN ofTrachea. Bronchu8 andLung 162 162
17 MNofOther Parts ofRespiratory System 160.163·165 160. 163·165

Major_OS MNOFBREAST
]8 MNofBrcast ]74-175 Unused

Major_06 MN OF llEMALEGENITAL ORGANS
19 MNofCervix Uteri 180 Unused
20 MNofOther andUnspecified Parts ofUterus 179. 181. 182 Unused
21 MNorOwry. Pallopian Tube. andBroad Ligament 183 Unused
22 MNofOtherFemate Genital Organs 184 Unused
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MULTI-PLANT CHROMATECOHORT MORTAUTY STUDY

Major_07 MNOFMALEGENITAL ORGANS
23 MNof~tatc 185 185
24 MNofOtberMale Genital Organs 186.187 186,187

Major_OS MNOF URINARY ORGANS
25 MNofKidney , 189.0-189.2 189
26 MN ofBladder and Urinary Organs 188. 189.3-189.9 188

Major_09 MNOF OTHERAND UNSPECIFIED SITES
27 MNofSkin 172, 173 172,173
28 MNofEye 190 190
29 MNofBrain and Other Parts ofNervous System 191, 192 191, 192
30 MN ofThyroid Oland 193 193· .
31 MNofBone , 170 . 170
32 MNofConnective Tissue and Soft Tissue 171 171
33 MNofOther and Unspecified Sites (Minor Category) 194-199 194-199 .

Major_lO NEOPLASMS OF LYMPHATIC AND HEMATOPOIETIC TISSUE
34 Lymphosarcoma and Reticulosareoma 200 200
35 Hodgin's Disease 201 201
36 Leukemia andAleukemia 204-208 2()4-208
37 Other Neoplasms of Lymphatic and Hematopoietic Tissue 202,203 202,203

Major_ll BENIGN AND USPEClFJED NATURE NEOPLASMS
38 Benign Neoplasms oftheEye. Brain, and Other Parts ofNorvous System . 224.225 210-239.. .. .

39 Neoplasms of Unspecified Nature ofEye, Brain and Other Paris ofNervous System 237.5-237.9, Unused
239!6-239.7 .... ..

,
40 Other Benign andUnspecified Nature Neoplasms 210-223.226- Unused

237.4, 238.o-~39.S,
239.8-239.9

Major_12 DIABETES MELLITUS
41 Diabetes Mellitus 250 250

:I:

~
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~
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•

Major_13 I DISEASES OF THE BLOOD AND BLOOD FORMING ORGANS
421 Pernicious Anemia
43 Anemias of Other andUnspecified Type

303 . , 1303
290-302. 30+~J?_~,_, 290-302.304-

" 319· .r,:)',-

44
45

Major..J4
46
47

Coagulation Defects. Putpura and9ther H~m~~l!agicConditions
All Other Disease ofBlood Forming Organs
MENTAL, PSYCHONEUROTIC AND PERSONALITY DISORDERS
Alcoholism
Other Mental Disorders

281.0,281.9
280.281.1-281.8.
282-285
286.281
288.289

280·289
Unused

Unused: __. ,
Unilse4

56 I Hypertension without Heart Disease
Major_I7 I OTHERDISEASES OF THECIRCULATORY SYSTEM

57\ Cerebrovasoular Disease
58 Diseases of the Arteries, Veins & Pulmonary Circulation

DISEAS.E$.OFTREHEART ' , <: ',. ,~" ":.' \. ~.-

,;,

430438
415:417,440-
459. .'

, -
,
. ~,-_ .... ' ....

Unpse(l'"
• ,;:'1

Unused, >.;
32()"389

'390~j98 ~~~.

4104.f~,::; ' .......
Un~et .';.;' _
Un~ed"'"

40h4()S
420429

401,403.405

430-438
415-417, 440-459

390.:398-' .>-..
41()..414
424 .-.
429.0. 429J
402.404
42()..423, 425-=428, .
429.2-429.9 .' ,-

340 ::'
320-337.341-389

'. ~.••, I, \ ~

Rheuil}Qttc.,neaitJ5fs~e:l~l~~Fever :"'. : , " . 'f:, " ,',
Ischemic Heart Disease , ' . , . .' : i

Chronic Disease of-Endocardium
Other Myocal'dial Degeneration
Hypertension with Heart Di~ease
OtherDiseases oftho Heart

MultiplelSclerosis,: '.~ , , .: ,-.' "." .'" _....
Othe1' Diseases o(the Nervous System andSense Organs

DISEASES OF THE NERVOUS SYSTEM AND SENSE ORGANS

50
51
52
53
54
5S

48
49

Major_16

Major_IS

Major_18 I DISEASES OF THERESPIRATORY SYSTEM.
59 Acute Respiratory Infections Except Influenza and Pneumonia
60 Influenza -
61 Pneumonia (except newborn)
62 Chronic andUnspecified Bronchitis
63 Emphysema

46()..466
487
480·486
490.491
.492

46()..466, .
487
480-486
490.491 ,
492

::r:
~
<0
~
0'1
00
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64 Asthma 493 493
65 Pneumoconioses and Other Respiratory Dis08Ses 470478,494.519 470478,494-

519
Major_19 DISEASES OFTHEDIGESTIVE SYSTEM

66 Diseases of theStomach andDuodenum 531-537 530-531
67 Hernia and Intestinal Obsttllctlon SSo-SS3,S60 ~5O-SS3, 560
68 Cirrhosis of theLiver 571 571
69 Other Diseases of the Digestive System 520-530, 540-543, S2o-529,538-

555-558, 562-570, ~4S, .555-558,
572·579 561-570,572·

579
Major_20 DISEASES OFTHE GENITOURINARY SYSTEM :

70 Acute Glomerulonephritis Nephrotic Syndrome and Acute Renal Failure '580,581,584 S80-589

71 Chronic and Unspecified Nephritis and Ronal Failure and Other Renal Sclerosis 582, 583, 585-587 ~90-608

72 Infection orKidney ,.'. 590 Unused,
73 Calculi ofUrlnary System 592,594 Unused
74 Hyperplasia ofProstate 600 Unused
75 Other Diseases orMaleGenital Organs 601-608 Unused
76 Diseases of theBreast 610.611 Unused
77 Diseases of theFemale Genital Oreans 614-629 Unused . -

,~ -. '

78 Other Genitourinary System DiseaseS 588.589,591,593, Unused
595-599

Majoc21 DISEASES OFTHESKIN AND SUBCUTANEOUS TISSUE
79 Intections of theSkin andSubcutaneous Tissue 680-686 680·709
80 Other Diseases of theSkinand Subcutaneous Tissue 690·709 .

Majof_22
81 Arttnitis and Spondylitis 711·716,720,721 710·139

82 Osteomyelitis and Periostitis 730 Unused
83 Other Dis~ses orMS System - .. 710,717-719.722: ;Upused

729, 731~739

_a:., ,
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